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Introduction
The work presented in this thesis is the result of four years of research in the
ﬁeld of materials science and one year in management science. In this introduction a
motivation of the work will be given that is presented in combination with the central
questions that are addressed. Furthermore the reader will be provided with a guide
on how to read this thesis.
Motivation of Research
Biomineralization
The high degree of control that is exerted by biological substrates on the nucleation
and growth of inorganic materials, has drawn the attention of both biologists and
materials scientists for a number of decades. The beautiful and complex hierarchi-
cal structures of inorganic materials that are found in biological systems are often
in sharp contrast with the relatively simple shape and poor properties of their syn-
thetic counterparts. Calcium carbonate, and in particular calcite, is one of the most
important biominerals and is often studied. The central questions of this thesis are:
”How do biomolecular and organic substrates inﬂuence the nucleation and growth of
calcite?”and ”What are the underlying mechanisms, at the molecular level, that lead
to such a high control?”
The original goal of the project was to study the nucleation and growth process of
calcite with the help of scanning probe techniques such as Atomic Force Microscopy
(AFM) and Scanning Tunnelling Microscopy (STM), since these techniques are ca-
pable of providing a resolution at the molecular scale. We have developed a model
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system to study the interaction between organic substrates and calcite in order to
know how to apply scanning probe techniques in situ during the formation of the
crystals. This model system, however, turned out to be so complex that it was nec-
essary to study the results ex situ in detail, to know how to interpret any results
obtained with scanning probe techniques. During this analysis, it turned out that
scanning probe techniques were not suitable to study the model system of our choice
due to the small timescale at which nucleation events occur. However, the many
questions that remained to be answered, led to the results presented in this thesis.
Although scanning probe techniques were not of great use, it turned out that other,
more conventional techniques can provide insight at the molecular level as well.
Knowledge Creation in a University Research Institute
The motivation for investigating the knowledge creation process in a university re-
search institute is a more personal one. During the work on the biomineralization
project I was able to work with scientists from diﬀerent groups in the (then called)
NSRIM research institute of the Faculty of Science of the University of Nijmegen.
These collaborations showed that, with a little eﬀort (at least for me), it was possible
to start a project that was new in this institute. My personal opinion is that it is much
faster to solve a problem in a discussion with others, than to lock the door of your
oﬃce and study papers on the topic of interest. Of course, I discussed these issues
with my co-workers and some of them agreed with me, while others did not. When
looking around in the institute I felt that this issue was of interest for more people
than myself. Over time, the general process of doing research drew my attention and
I became more and more curious on what ‘the best’ way is of doing research. These
questions intrigued me so much that I wanted to spend more time on them than just
discussing them with co-workers at the coﬀee table.
The faculty of management science at the University of Nijmegen was interested
in my questions, and with the agreement of my supervisors I contacted some people
in this faculty to see if I could formulate my questions in a more scientiﬁc way.
The results of this work are presented in the second part of this thesis, in which the
process of knowledge creation in a research institute is investigated. It was interesting
to do this work, since it broadened and deepened my views on the scientiﬁc process.
The interaction between scientists and management scientists is an interesting one,
although it requires quite some eﬀort from both sides to understand each other. In
this respect, the development of a management variant of the masters degree in the
science faculty of the University of Nijmegen, carried out in collaboration with the
nijmegen school of management, is very promising.
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How to read this Thesis
In this section we will provide the reader with a guide on how to read this thesis. It is
divided in two parts, containing the diﬀerent research topics, which are independent
from each other and can be read separately. The part concerning the biomineralization
process is of a rather complex nature, which is related to the way our problems were
addressed.
The ﬁrst chapter gives an overview of the progress of understanding interactions
at the organic/inorganic interface, representing the work of the last decade on this
subject. The second chapter is an introduction in physical chemistry with an emphasis
on the topics of interest for this thesis: the physical properties of calcium carbonate,
of solutions containing carbonate ions, and an introduction into classical homogeneous
nucleation theory. Most of the work presented in this chapter is textbook knowledge.
For the interested reader references are provided that describe background knowledge
on speciﬁc topics. Chapter 3 gives an overview of the experimental methods applied
in this thesis.
The complexity of the model system we used for studying biomineralization, the
nucleation of calcite on Self-Assembled Monolayers of thiols on Au(111), forced us
to use several approaches to study the interactions that play a role in the nucleation
process. Each chapter has therefore a speciﬁc approach to the problem. This leads to
results and conclusions that depend on the technique that is used, but cannot be seen
independently from results discussed in previous chapters. This leads to the problem
that in some cases issues are discussed that are measured in other chapters, while the
conclusions of those chapters introduce new issues that are discussed in again another
chapter.
Chapter 4 describes the measurements of the orientation of epitaxially nucleated
calcite crystals on a SAM of carboxylic acid terminated thiols on Au(111). In Chap-
ter 5 the inﬂuence of the crystallization method and the chainlength of the thiol
molecule is investigated. Molecular modelling results are used to explain the results
of these two chapters. Chapter 6 is dedicated to a thermodynamic analysis of the nu-
cleation of calcite on a SAM and Chapter 7 investigates why calcite crystals have and
elongated, non-equilibrium shape when nucleated on a SAM. Chapter 8 is a special
chapter, in the sense that it only provides an hypothesis, based on our experiences,
which will have to be conﬁrmed by data from biological systems. Some of the theory
is not essential for a chapter, and in such cases it was added as an appendix.
The summary of this thesis provides an overview of the results and an entire
description of the model system, which is based on a combination of all the measure-
ments we have performed. The Dutch ‘samenvatting’ is a simpliﬁed version of the
summary with a short introduction into the ﬁeld of biomineralization.
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Part I
Nucleation of Calcite on Organic
Monolayers
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CHAPTER 1
Inorganic/Organic Interfaces: Model Systems for
Biomineralization
Biominerals are (crystalline) inorganic solids that are formed in organisms and
provide them with strength and shape. The properties of biominerals are rather ex-
ceptional since their shape and strength are usually not exhibited by their synthetic
counterparts. This phenomenon has attracted scientist with various backgrounds to
study the ﬁeld of biomineralization. For example, biologists study the function of
biominerals in the organism, and control mechanisms that lead to often observed
hierarchical structures. Geochemists and geophysicists are interested in biomineral-
ization since many of the mineralized materials found in, for example, the sea have
a biological origin. A thorough understanding of biomineralization processes allows
them to reconstruct the geological history of our planet. Paleontologists use the
knowledge of biologists about biominerals in living organisms to reconstruct the role
of mineralized tissue in the evolution process. Medical scientists, especially those who
deal with implants, and dental scientists are interested in biomineralization, because
it plays a very important role in the human body. Materials scientists are interested
in understanding the role of organic matrices and impurities on the materials proper-
ties of inorganic crystals. They study fundamental interactions between organic and
inorganic phases in order to create new, cheap materials with exceptional properties,
by mimicking the biological strategy.
It is clear that biomineralization is a very broad and diverse area of research and
therefore we will not provide the reader with a detailed review of the entire ﬁeld.
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Some excellent reviews have been published elsewhere1–3 and in this chapter we will
focus on a particular part of biomineralization which is of importance for materials
scientists: the inorganic/organic interface. The main question in this thesis is: ”Can
we get an understanding of the interactions that play a role at the organic/inorganic
interface, at the molecular level?”Such an understanding would provide general insight
in the nucleation and growth process of biominerals, which might also generate ideas
about how to use biological strategies as a blueprint to create new, cheap materials
with exceptional properties.
This motivation is strongly based on the background of the author. The previous
paragraph shows that there are many other motivations for getting more insight in
biomineralization and the organic/inorganic interface. We have focussed on one par-
ticular model system: the calcite/Self-Assembled Monolayer (SAM) interface, which
provides suﬃcient material for discussion in this thesis. The reason why we focus on
calcite is that it is an important biomineral and it is easy to fabricate in a laboratory
environment. For these reasons, calcite has been one of the most studied (bio)minerals
in literature. The properties of calcite are discussed in detail in Chapter 2, which also
provides relevant references. In the following section, a short summary will be given
of the achievements that have been made in understanding the mechanisms that play
a role at organic/inorganic interfaces.
1.1 Controlled Nucleation of Calcite on Organic Substrates
1.1.1 Langmuir Monolayers
The control over the nucleation of calcite by biological matrices has attracted the
interest of a large number of materials scientists, in particular chemists. In order to
control the nucleation of calcite, Mann and Heywood4–9 were the ﬁrst to use a chem-
ical approach by using synthetic organic substrates instead of biological ones. They
used compressed Langmuir monolayers of molecules with functional groups that are
also present in biological matrices, such as carboxylic acid, sulfate and phosphate
groups. In addition, polymerized Langmuir monolayers on solid substrates were used,
which gave rise to a higher degree of control.10,11 The mechanism that was proposed
for the control of the organic monolayer on the nucleation of calcite was a lattice
match between the monolayer and the nucleation face of the crystals, in some cases
combined with a stereochemical recognition. However, the problem with this mech-
anism was that it worked out ﬁne for speciﬁc combinations of functional groups and
precipitated crystals, while in other cases no lattice match or stereochemical match
was observed. A recent review of Mann2 discusses these contradictions and suggests
additional mechanisms to understand the apparently contradicting results, involving
kinetic control, amorphous precursors and a conformational change of the crystal after
its nucleation. Some of these mechanisms have been conﬁrmed by synchrotron X-ray
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studies by DiMasi et al.,12,13 which highlights the fact that controlling the nucleation
of calcite is a far more complex process than suggested originally.
1.1.2 Self-Assembled Monolayers
More recently, the use of SAMs of e.g. thiols on a metal substrate has led to a very
high degree of control over the nucleation face of calcite crystals.14–25 A very recent
review article shows an overview of the progress that has been made in controlling
the nucleation of calcite on SAMs.26 During the course of this thesis this work will
be compared to ours, and therefore a detailed discussion on the results of controlled
nucleation of calcite on SAMs will not be provided here. Organic monolayers on
silicon substrates27 have been used as well, leading to a similar degree of control as
observed for the SAMs on metal substrates. A very recent approach involves the use
of organic substrates in a solution, supersaturated for calcium carbonate, containing
dissolved acidic polymers that induces the formation of ﬁlms of very small calcite
crystals which completely cover the organic substrate.28,29
The use of SAMs on solid substrates instead of Langmuir monolayers has several
advantages, since the former are easier to handle and more robust. However, SAMs are
more rigid than the rather ﬂexible Langmuir monolayers. Therefore the lattice of the
molecules in the SAM can hardly be inﬂuenced by the interactions with the inorganic
crystal, a mechanism that is called ‘mutual assembly’. Such a mechanism has been
suggested for the nucleation of BaF on Langmuir monolayers,30 providing another
parameter which has to be taken into account in understanding biomineralization.
Although SAMs do not exhibit the ﬂexibility in the lattice of the molecules to account
for such a mechanism, it will be shown in this thesis that the orientation of the
functional groups that are responsible for the control over the nucleation provides a
certain ﬂexibility which might be reminiscent of the mechanism of ‘mutual assembly’.
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CHAPTER 2
Theoretical Introduction
The main purpose of this chapter is to introduce the basic theoretical and experi-
mental concepts used in this thesis. The ﬁeld of biomineralization is rather broad and
many diﬀerent scientists from diﬀerent scientiﬁc communities participate in it. In this
chapter we will provide a short introduction in the main areas of biomineralization
which are relevant to understanding the experiments performed in this work. The
theory provided is usually textbook knowledge and references to textbooks or papers
will be given where necessary. Section 2.1 introduces some conventions of the crys-
tallographic community and Section 2.2 deals with the general physical and chemical
properties of calcium carbonate. Since calcium carbonate precipitates from a solution
containing (bi)carbonate ions, it is relevant to discuss the ﬁeld of aquatic chemistry
which deals with the theories of weak acids and buﬀers (Section 2.3). Section 2.4
gives an introduction to classical nucleation theory, which is necessary to understand
Chapter 6.
2.1 A short Introduction in Crystallography and X-ray Diﬀraction
In this section we will treat the basics of crystallography and X-ray diﬀraction. Al-
though the theory of X-ray diﬀraction and crystallography is of an undergraduate level
there exists much confusion between chemists and physicist in the exact notation. In
this thesis we use the conventions as proposed by the crystallographic community
and to avoid any diﬀerence in the interpretation of the notation we will give a short
13
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derivation of crystallography and X-ray diﬀraction
2.1.1 X-Ray Diﬀraction: Bragg’s Law
A very powerful tool to reveal the atomic structure of crystalline solids is X-ray
diﬀraction. This technique is based on Bragg’s law and uses X-rays which have a
wavelength comparable to the interatomic distances in a solid. Bragg’s law is deﬁned
as follows:
2dhkl sin θ = nλ (2.1)
where θ is the incoming angle of the X-ray beam, λ the wavelength of the X-rays, n
the order of diﬀraction and dhkl the reciprocal vector that deﬁnes the spacing between
crystal planes.
2.1.2 Reciprocal Space
A vector in direct space can be described as follows:
G = ua+ vb+ wc (2.2)
where u, v, w ∈ Z and a,b and c are the vectors that deﬁne the unit cell of the crystal
in direct space. Note that it is not necessary that they form an orthogonal lattice. A
vector in reciprocal space can be described by:
G∗ = ha∗ + kb∗ + lc∗ (2.3)
where h, k, l ∈ Z and a∗,b∗ and c∗ are the vectors which deﬁne the unit cell of the
crystal in reciprocal space. One can exchange between the vectors in direct space to
reciprocal space by the following deﬁnition:
G ·G∗ = n (2.4)
where n ∈ Z. This gives the following relations between the direct and reciprocal unit
vectors:
a∗ =
b× c
a · (b× c) (2.5)
and cyclic permutations. The unit vectors can be expressed in any system of axes.
Usually the axes are adapted to the symmetry of the crystal. In a hexagonal lattice,
a∗ is perpendicular to the b- and c-axis by deﬁnition, but it is not parallel to the
a-axis because the a- and b-axis are not perpendicular.
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2.1.3 Miller Indices
Now that we have deﬁned vectors in direct and reciprocal space we need to deﬁne
planes and lines as well. For that purpose the crystallographic conventions are used.
(hkl) Is the plane in direct space described by the Miller indices h, k and l. To be
able to deﬁne the plane (hkl), a plane has to be drawn through the points 1h ,
1
k
and 1l in respectively the a,b and c directions.
a
{hkl} Are the planes of form (hkl). This means that these are all the planes in direct
space which have an equivalent symmetry as the plane mentioned. One can ﬁnd
these by applying point group symmetry operations on one of the planes (hkl).
[uvw] Is a direction in direct space which is given by the line passing by the origin
of the crystal and the point ua+ vb+ wc in direct space.
<uvw> Are the directions of form [uvw] in direct space with equivalent symmetry
as the direction [uvw], where the symmetry again is the point group symmetry
of the crystal.
[hkl]∗ is a direction in reciprocal space given by the vector G∗ = ha∗ + kb∗ + lc∗
which is perpendicular to the plane (hkl). Sometimes these indices are used to
indicate a plane. In the case of rectangular systems this is easy because the
directions of the reciprocal and direct unit cell vectors are the same. For non-
rectangular systems this is however not the case and this notation can cause a
lot of confusion. To avoid this we will stick to the Miller indices.
Any line is parallel to a plane when the following equation is obeyed:
hu + kv + lw = 0 (2.6)
This relation follows immediately from the fact that the dot product of two vectors
is zero when they are perpendicular. The dot product [hkl]∗ · [uvw] = 0 then gives
the relation mentioned above, where [hkl]∗ represents the normal vector of the (hkl)
plane.
The above paragraph only gives a brief overview of crystallography and its con-
ventions. A more thorough description can be found in the standard work on crys-
tallography of Buerger.1
aThe Miller indices can also be expressed by the hexagonal indices. For a plan (hkl) the hexagonal
Miller indices are (hkil) where i = −(h + k). This notation is sometimes used to avoid confusion
when cubic as well as hexagonal structures are used at the same time.
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2.2 Calcium Carbonate and it’s Physical and Chemical Proper-
ties
Calcium carbonate is a polymorphic solid, which means that diﬀerent structures with
diﬀerent morphologies, but with the same chemical composition exist. Three of these
morphologies (calcite, aragonite and vaterite) are discussed in detail in this section
because they are often formed during experiments in the lab. They are furthermore
of importance for biological systems since they are all found as biominerals in organ-
isms. There are other (less stable) morphologies of calcium carbonate such as the
pseudo-polymorph calcium carbonate hexahydrate and amorphous calcium carbon-
ate. Although they are also found in biological systems they are rarely observed in
experimental setups, unless a special eﬀort is made to stabilize them. Since we usually
perform our experiments in conditions in which the stabilization of these morphologies
is not favored we will not discuss them here.
2.2.1 Calcite
The thermodynamically stable form of calcium carbonate at ambient conditions is cal-
cite. It has a trigonal Bravais lattice with a crystallographic space group R3c (number
167 from ‘the international tables of crystallography’). The symmetry operations in
{012}
{104}
c
a
c
a+b
= Ca2+
= CO3
2-
(a) (b)
Figure 2.1: (a) Pseudo hexagonal unit cell of calcite with |a| = |b| = 4.99 A˚
and |c| = 17.06 A˚. The {012} and {104} planes are shown by the dashed lines.
(b) Calcite crystals with their ﬂat {104} faces which determine the rhombohedral
shape of the crystal
calcite are a trigonal axis, center of symmetry and a glide plane parallel to the a-
and c-axis. The point group symmetry of this space group is the 3m group, which is
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basically the same as the space group of the atoms, but it is missing the translation
symmetry along the c-axis.
There are two unit cells for calcite, the rhombohedral and the pseudo-hexagonal
cell. For a rhombohedral cell |a| = |b| = |c| and α = β = γ = 90◦. For a pseudo
hexagonal unit cell |a| = |b| = 4.99A˚ and |c| = 17.06A˚ and α = β = 90◦, γ = 120◦.
In this thesis we will continue with the pseudo hexagonal unit cell, because it is most
frequently used in the literature. In Figure 2.1(a) a pseudo-hexagonal unit cell of cal-
cite is shown which is taken from a crystallographic database.2 The equilibrium shape
for synthetic calcite crystals is a rhombohedron. The surfaces of this rhombohedron
are the very ﬂat {104} surfaces. In the case of the {104} rhombohedron these faces
are the (104), (104), (014), (014), (114) and the (114) surfaces, which can be found
by applying the point group symmetry of calcite (3m) on the (104) plane. Calcite is
a very important biomineral3 and it is easy to grow because of its thermodynamical
stability. A lot of studies on calcite have been reported and therefore this thesis is
focussed on the nucleation and growth of this morphology.
2.2.2 Aragonite
Aragonite is a morphology of calcium carbonate which, at room temperature and
atmospheric pressure, is less stable than calcite. However, at elevated temperature
and pressure aragonite is the most stable morphology. It has a orthorhombic unit
a
c
b
(a) (b)
Figure 2.2: (a) Aragonite has a orthorhombic unit cell with |a|= 4.962 A˚,
|b| = 7.968 A˚ and |c| = 5.744 A˚ and usually grows in spherulites. (b) A typical
SEM image of an aragonite sperulite
cell4 with space group Pmcn (number 62 from ‘the international tables of crystallog-
raphy’) with |a|= 4.962 A˚, |b| = 7.968 A˚, |c| = 5.744 A˚, and α = β = γ = 90◦ (See
Figure 2.2(a) for the unit cell). In the case of aragonite no crystal faces are predom-
inantly expressed and the crystal usually grows in spherulites (See Figure 2.2(b)).
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Aragonite plays a very important role in biomineralization, because of the strength
it can give to organisms.
2.2.3 Vaterite
The last morphology of calcium carbonate that is discussed here is vaterite, the least
stable crystal morphology at room temperature and atmospheric pressure. Vaterite
is a metastable precursor of calcite and aragonite, which can be stabilized by im-
purities in the crystallization solution or by a speciﬁc template for growth. It is
often formed when the solution is not clean enough, because it is a kinetic product
that precipitates easily on impurities. Vaterite has a hexagonal unit cell5 with space
a
b
c
(a) (b)
Figure 2.3: (a) Vaterite has a hexagonal unit cell with |a|= |b| = 7.147 A˚ and
|c| = 16.917 A˚. (b) A typical SEM image of a vaterite crystal in a ﬂower like
morphology
group P63/mmc (number 194 from ‘the international tables of crystallography’) with
|a|= |b| = 7.147 A˚, |c| = 16.917 A˚, α = β = 90◦ and γ = 120◦ (See Figure 2.3(a)
for the unit cell). None of the crystal faces are expressed in the morphology although
the sixfold symmetry of the crystal can be recognized in the ﬂower like morphology
of vaterite that is often found (See Figure 2.3(b)). Vaterite also is an important min-
eral in biomineralization and it can be stabilized by organic matrices or serve as a
precursor for calcite or aragonite growth.
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2.3 Aquatic Chemistry: Solutions containing Carbonate Ions
Calcium carbonate is usually formed in an aqueous solution and therefore it is im-
portant to discuss the properties of solutions containing CO2−3 ions, because these
ions never exist alone in water, since they are in equilibrium with HCO−3 , H2CO3 and
CO2. The exact composition of the solution depends on the temperature, pressure
and the pH. To understand the behavior of this solution at constant temperature and
pressure it is important to discuss the nature of the equilibrium and its dependence
on pH.
The chemical energy µi of a species i in solution is given by:
µi = µ0i + RT ln{i} (2.7)
where {i} is the activity of the species i, R is the gas constant and T the absolute
temperature. In an inﬁnitely diluted solution where there are no interaction between
ions the activity of an ion A is given by the concentration of this ion ({A}=[A]). How-
ever, in real solutions there are always long and short range interactions that disturb
the solution from ideal behavior. This non-ideal behavior is taken into account in the
activity coeﬃcient fi which deﬁnes the relation between activity and concentration
in the following way:
{A} = fA[A] (2.8)
For inﬁnitely diluted liquids the activity coeﬃcient is unity. The Gibbs free energy
∆G of a reaction is given by:
∆G =
∑
i
νiµi = ∆G0 + RT lnQ (2.9)
where νi are the stoichiometric constants of a reaction and the reaction coeﬃcient Q
is deﬁned as:
Q =
∏
{i}νi (2.10)
At equilibrium ∆G = 0 and the value of Q that belongs to the equilibrium is called
the equilibrium constant K which is deﬁned as:
K =
∏
{i}νieq (2.11)
A general equilibrium can now be described as follows:
HA H + A (2.12)
where the equilibrium constant K is:
K =
{H}{A}
{HA} (2.13)
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When the concentrations of some species and the activity of another are directly
measurable the concept of the mixed equilibrium constant K ′ becomes very useful.
It is deﬁned by:
K ′ =
{H}[A]
[HA]
= K
fHA
fA
(2.14)
Activity coeﬃcients depend on the temperature and the ionic strength of the solu-
tion, which is a measure of the interionic eﬀects mostly resulting from electrostatic
repulsions and attractions and is deﬁned by:
I =
1
2
∑
i
ci
ci
Z2i (2.15)
where ci is the concentration of the ith ion in M and ci is the standard concentration
(1 M). The activity coeﬃcients, deﬁned by Gu¨ntelberg and Davies, for liquids with a
constant ionic strength (I < 0.1 ) and containing several electrolytes and for liquids
with I < 0.5 respectively, are given by:6
log fi =−AZ2i
√
I
1 +
√
I
(Gu¨ntelberg) (2.16)
log fi =−AZ2i
( √
I
1 +
√
I
− 0.2I
)
(Davies) (2.17)
Where A = 1.82 × 106(T )−3/2 (where  = dielectric constant of solution and T the
absolute temperature) and Zi is the valence of ion i. It can be immediately seen that
when the ionic strength becomes zero (which is the case for an inﬁnitely dilute ideal
liquid) that the activity coeﬃcient fi = 1.
To describe a solution containing carbonate ions pH is a crucial parameter. The
deﬁnition of pH by (Sørensen, 1909) is:
pH = − log[H+] (2.18)
When the pH of a solution is measured, the pH meter is corrected for non ideal liquids
up until a certain ionic strength and therefore pH = − log{H+} (NBS pH scale). This
scale is valid only for solutions with an ionic strength I < 0.1.
The activity theories by Gu¨ntelberg and Davies are only taking long range interac-
tions between the ions into account and is therefore only valid for solutions with ionic
strengths below 0.1. However in this thesis nucleation experiments are performed
right at the limit of these theories and short range interactions have to be taken into
account as well. This means that the error made in the calculations of the activity
coeﬃcients could be large, since the activities play an important role in determining
the rate constants and the driving forces for nucleation. In order to calculate the
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activity coeﬃcients with a small error we have to consider a more detailed and com-
plicated model that takes into account the short range interactions between ions as
well. This model is proposed by Pitzer et al.7 and is valid for ionic strengths up until
6.0. For the case of a calcium carbonate solution with added NaCl to adjust the ionic
strength, the Pitzer model is worked out in detail by Sheikholeslami et al.8 and is
given in Appendix A.
The theory of equilibria will now be applied to ‘the carbonate solution’, a solution
relevant for the precipitation of calcium carbonate. Both closed and open systems
have to be considered, because they are both relevant for the diﬀerent crystallization
solutions used in this work. Since the mathematics for ideal and non-ideal liquids are
in principle the same (only the activity coeﬃcients are diﬀerent) we will ﬁrst describe
the system as electrolytes dissolved in an ideal liquid and then add the activities to
compensate for the non-ideality of the liquid.
2.3.1 Closed Systems
The carbonate solution in a closed system for which we assume that no CO2(g) is ex-
changed with the atmosphere consists of the following components: CO2(aq), H2CO3,
HCO−3 , CO
2−
3 , H
+ and OH−. These species are always in equilibrium with each other
and the concentrations of each component depend only on the pH and the total car-
bonate content. The relations between the components can be simpliﬁed when one
considers that the equilibrium of the following reaction lies severely to the left:
H2O + CO2(aq)  H2CO3(aq) (2.19)
This means that the total analytical concentration of dissolved CO2, which is deﬁned
by:
[H2CO∗3] ≡ [CO2(aq)] + [H2CO3] (2.20)
is almost the same as the concentration of CO2(aq). When taking into account this
consideration, the equilibrium constants of all the components of the carbonate solu-
tion are:
K =
[CO2(aq)]
[H2CO3]
(2.21)
K1 =
[H+][HCO−3 ]
[H2CO∗3]
(2.22)
KH2CO3 =
[H+][HCO−3 ]
[H2CO3]
(2.23)
K2 =
[H+][CO2−3 ]
[HCO−3 ]
(2.24)
KW = [H+][OH−] (2.25)
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and by using the approximation that [CO2(aq)]  [H2CO∗3] we have:
K1  KH2CO3
K
(2.26)
The total concentration of carbonate ions is:
CT = [H2CO∗3] + [HCO
−
3 ] + [CO
2−
3 ] (2.27)
By combining equations 2.21−2.24 and 2.27 and by using equation 2.14 to partly
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Figure 2.4: The fractions of the carbonate components in a closed system as a
function of pH
correct for the fact that the liquid is not ideal, the fractions of the three carbonate
components can be calculated:
[H2CO∗3] = CTα0 = CT
(
1 +
K ′1
{H+} +
K ′1K
′
2
{H+}2
)−1
(2.28)
[HCO−3 ] = CTα1 = CT
({H+}
K ′1
+ 1 +
K ′2
{H+}
)−1
(2.29)
[CO2−3 ] = CTα2 = CT
({H+}2
K ′1K
′
2
+
{H+}
K ′2
+ 1
)−1
(2.30)
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with:
K ′1 = K1
fH2CO∗3
fHCO−3
(2.31)
K ′H2CO3 = KH2CO3
fH2CO3
fHCO−3
(2.32)
K ′2 = K2
fHCO−3
fCO2−3
(2.33)
When for a closed carbonate system the total carbonate content, the pH (can be mea-
sured accurately for I < 0.1 M ) and the ionic strength (I) are known the fractions
of all carbonate components can be calculated. The equilibrium constants can be
found in the literature.6 In Figure 2.4 the concentrations of the diﬀerent carbonate
species are plotted as a function of pH. In the pH regime between 5.5−9.5 the domi-
nant species is HCO−3 although at a pH > 8.0 the [CO
2−
3 ] becomes signiﬁcant for our
experiments.
2.3.2 Open Systems
Although the description of the closed carbonate system is rather straightforward,
it is less relevant for biomineralization since most of the biomineralization processes
take place in the ocean, which is a open system in contact with atmospheric CO2.
We therefore now consider the case of a carbonate solution in contact with a gaseous
phase containing CO2 at a constant partial pressure. This partial pressure is usually
taken as (pCO2 = 10−3.5 atm), which is close to its value in air, although ﬂuctuations
in pCO2 are always present in real systems and this makes their description rather
complex. For reasons of simplicity we will assume that pCO2 is constant. In an open
system the following equilibria are present:
CO2(g) + H2O CO2(aq) + H2O H2CO∗3 (2.34)
and the equilibrium constant of the resulting equilibrium KH, which is independent
of the ionic strength, is given by:
KH =
[H2CO∗3]
pCO2
(2.35)
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and this gives for the fractions of the carbonate components in a non ideal liquid with
the use of equations 2.21− 2.24:
[H2CO∗3] = pCO2KH (2.36)
[HCO−3 ] =
pCO2KHK ′1
{H+} (2.37)
[CO2−3 ] =
pCO2KHK ′1K
′
2
{H+}2 (2.38)
In Figure 2.5 the fractions of the carbonate components in an open system are given
as a function of pH.
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Figure 2.5: The fractions of the carbonate components in an open system a as a
function of pH
The total carbonate content (CT ) in the solution is found by the electroneutrality
condition and this gives:
−CB + CA = [H+]− [OH−]− [HCO−3 ]− 2[CO2−3 ] (2.39)
where CB and CA are the concentrations of (strong) base cations and (strong) acid an-
ions respectively. The mixed equilibrium constant K ′W which deﬁnes the equilibrium
between [OH−] and {H+} is given by:
K ′W = [OH
−]{H+} = KW
fOH−
(2.40)
and with the help of equations 2.37−2.39 and the assumption that [H+] = {H+} this
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leads to:
[CO2−3 ] =
CB − CA + {H+} − [OH−]
2 + K
′
2
{H+}
(2.41)
[HCO−3 ] =
K ′2
{H+} [CO
2−
3 ] (2.42)
2.4 An Introduction to Classical Nucleation Theory
The equilibrium reaction of the dissolution of calcium carbonate in water is:
CaCO3(s)  Ca2+(aq) + CO
2−
3(aq) (2.43)
with Ksp as the rate constant (Ksp is called solubility product). The diﬀerence in
free Gibbs energy between the actual situation and the equilibrium is given by:
∆G = RT ln
({Ca2+}{CO2−3 }
Ksp
)
(2.44)
When ∆G > 0 the solution is supersaturated. Another way of formulating the driving
force for crystallization is by using the chemical potential µ instead of the Gibbs free
energy G. This results in:
∆µ
kBT
= ln
({Ca2+}{CO2−3 }
Ksp
)
(2.45)
In this thesis the terms driving force and supersaturation are both used with the same
meaning. This is a bit inaccurate since correctly speaking the driving force is the
thermodynamic parameter and the supersaturation is only related to concentrations.
However, a high supersaturation corresponds to a high driving force and this leads
to the frequent mixing of these terms in the literature. However, when numbers are
associated to the supersaturation they always refer to the value of the driving force.
In a solution, which is supersaturated with respect to the solid phase a precipitate
will not spontaneously form. The free energy decrease in creating bulk phase can be
described by equation 2.44, but the creation of a surface increases the free energy so
that the free energy of creating a nucleus ∆G is:
∆G = ∆Gbulk + ∆Gsurf (2.46)
The bulk energy for a supersaturated solution is always negative and can be written
as:
∆Gbulk = −nkBT ln(S) = −n∆µ = −VcΩ ∆µ (2.47)
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where n is the number of molecular units in the nucleus, Ω is the molecular volume,
and Vc is the volume of the nucleus. The surface free energy of a nucleus with radius
r can be written as:
∆Gsurf = Aγ = 4πr2γ = n2/3γ
(
6
√
πΩ
)2/3 (2.48)
where A is the area of the nucleus and γ is the interfacial energy which is assumed
to be independent of the size of the cluster. This then gives for the free energy of a
spherical cluster with radius r in a supersaturated solution:
∆G = −4πr
3
3Ω
∆µ + 4πr2γ = −n∆µ + n2/3γ (6√πΩ)2/3 (2.49)
Some plots of the free energy as a function of the radius of a cluster for diﬀerent
∆µ/kBT are shown in Figure 2.6. From equation 2.49, the energy barrier for the
0
∆G
 
Cluster size
∆µ/kT < 0
n* n*
∆G*
∆G*
∆µ/kT >> 0
∆µ/kT > 0
∆µ/kT = 0
Figure 2.6: Free energy of formation of a nucleus. Critical cluster size and the
energy barrier of nucleus formation depend strongly on the driving force for nu-
cleation ∆µ/kBT
homogeneous nucleation of a spherical nucleus can be calculated by requiring that:
∂∆G
∂r
=
∂∆G
∂n
= 0 (2.50)
at the top of the barrier. This gives for the nucleation barrier:
∆G∗homo =
16πγ3Ω2
3∆µ2
(2.51)
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where the (∗) is used to denote the properties of a critical cluster (nucleus). The
radius of such a critical cluster depends strongly on the supersaturation and is given
by:
r∗ =
2γΩ
∆µ
(2.52)
and the number of molecular units of the critical cluster is given by:
n∗ =
32πγ3Ω2
3∆µ3
(2.53)
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CHAPTER 3
Experimental Introduction
In this thesis the oriented growth of calcite crystals on Self-Assembled Monolayers
(SAMs) is investigated. This chapter describes the experiments that were performed
to study this model system for biomineralization. In Chapter 2 some general theory
needed to understand the background of the experiments has been presented. The
main purpose of this chapter is to give insight in the experimental details of the
work presented in the thesis. Most of the experiments are brieﬂy described in the
existing literature and in Chapters 4, 5, 6 and 7. However, in these chapters some
technical details of the experiments are omitted to be able to focus on the results.
In Section 3.1 three diﬀerent crystallization setups for calcite crystallization will be
described and the setup that was used to grow calcite crystals at constant driving
force. The orientations of the calcite crystals with respect to the substrates have
been analyzed using two techniques. In Sections 3.2 and 3.3 the general principles of
these techniques will be explained.
3.1 Crystallization Methods
When the oriented growth of calcite crystals on SAMs is only considered in terms of
thermodynamics, there is no reason to apply more than one crystallization technique
to study this phenomenon. However, to exclude kinetic eﬀects and experimental
artifacts, three diﬀerent crystallization methods have been used with each method
having its drawbacks and advantages.
29
30 Experimental Introduction
3.1.1 The Kitano Method
(Chapters 4, 5 and 7)
The Kitano method, which is based on the diﬀusion of CO2 from the solution to the
environment, is described in detail by Kitano et al.1 The solution becomes supersat-
urated with respect to calcium carbonate as appears from the following equilibrium:
CaCO3(s) + CO2(g) + H2O(l)  2HCO−3(aq) + Ca
2+
(aq) (3.1)
The equilibrium is shifted to the right side by bubbling CO2 through a suspension
of calcium carbonate in water. When the CO2 bubbling is stopped, the solution will
go back to its equilibrium for a calcium carbonate solution in contact with air. This
system is an open system as described in Section 2.3.2, but during the crystallization
there is no equilibrium between the solution and the environment. The starting condi-
tions of the Kitano solution are described by equations 2.36−2.38 with pCO2 = 1 atm.
When the ionic strength and the pH of this solution are measured, the starting con-
ditions are known. As long as the solution is bubbled with CO2 or is kept in a closed
vessel it is not supersaturated with respect to calcium carbonate and nothing will
happen. However, when pCO2 is reduced to the atmospheric pCO2 = 10−3.5 atm.
by opening the vessel and stopping the CO2 bubbling, the system will be driven to
a new equilibrium for which the solution is supersaturated with respect to calcium
carbonate. The supersaturation resulting from the shift in equilibria is suﬃciently
high to overcome the nucleation barrier for the precipitation of calcite. The driving
force behind the crystallization rises as a function of time until precipitation starts
and the new equilibrium is reached. The total kinetics of this system can be described
by the kinetics of all the individual reactions that take place:
2HCO−3(aq) −→ H2CO3(aq) + CO2−3(aq) (3.2)
H2CO3(aq) −→ CO2(aq) + H2O (3.3)
CO2(aq) −→ CO2(g) (3.4)
The rate determining step for this series of equations is equation 3.3. If all the
rates of the diﬀerent steps are known ∆µ/kBT (t) might be calculated at the moment
the precipitation starts since the driving force can be directly related to [CO2−3 (t)].
However, this is a very complicated task even when all the rate constants are known
the more so since the solution is not stirred in the case of the Kitano experiment.
Therefore, there will be gradients of all diﬀerent components in the solution which
might lead to diﬀusion limited mass transport.
Considering these problems, it is clear that it is impossible to know the super-
saturation at which the crystallization of calcite takes place. However, the fact that
the supersaturation increases gradually as a function of time makes the solution very
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convenient for nucleation experiments. The right value of the supersaturation will
always be reached, and one can easily study the inﬂuence of a substrate on the orien-
tation of the calcite crystals. A special advantage of this method is the fact that the
supersaturation is the highest at the solution/air interface, which makes this crystal-
lization technique very suitable to study the inﬂuence of Langmuir monolayers on the
nucleation of calcite. For this reason, Mann et al. have used this technique for their
experiments very successfully.2–6 The fact that the supersaturation is highest at the
air/water interface is also very advantageous when a droplet of the Kitano solution
is placed on a substrate. As a result of the small distance between the substrate and
the solution/air interface, the supersaturation at the substrate will become very high
as a function of time and nucleation will occur anyway, whether this is caused by
the substrate or not. For this reason a droplet of the Kitano solution is used in the
experiments described in Chapter 4. The starting pH of the Kitano solution is circa
5.6− 6.0, but the pH increases over time, giving rise to even higher supersaturations
than when the pH remains constant.
The Kitano solution is made by bubbling CO2 gas through a suspension of cal-
cium carbonate in nanopure water (18.2 MΩcm) for circa one hour. The solution is
then ﬁltered through a glass ﬁlter and the remaining slightly undersaturated solution
is bubbled with CO2 for another 30 minutes to remove the calcium carbonate mi-
croparticles. The solution can then be stored in a clean and closed vessel for about a
week, or the CO2 bubbling can be continued to keep the equilibrium constant. Before
the experiment, all the glasswork and the sampleholders that are in contact with the
solution are thoroughly cleaned with soap (to remove dirt and grease), strong acid
(to remove remaining calcium carbonate particles) and methanol (to kill bacteria).
Between each cleaning step, the glasswork has to be rinsed extensively (3×) with
nanopure water.
3.1.2 CO2 Diﬀusion in a Solution Containing Calcium Ions: ‘CO2 in’
(Chapters 5 and 7)
Another very well established crystallization method that has been frequently used
by Addadi et al.7–10, Ku¨ther et al.11–17 and Aizenberg et al.,18,19 is the formation
of calcite by slow diﬀusion of CO2 in a solution containing calcium ions. The use
of (NH4)2CO3 as a source for CO2 has, when used in a closed vessel, two major
advantages: the CO2 diﬀusion is slow and the formation of NH+4 ions in the solution
increases the pH and therefore the concentration of CO2−3 ions. The reaction equations
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of this system are:
(NH4)2CO3(s) −→ 2NH3(g) + CO2(g) + H2O(l) (3.5)
NH3(g) + H2O(l)  NH+4(aq) + OH
−
(aq) (3.6)
2CO2(g) + 2H2O(l)  HCO−3(aq) + CO
2−
3(aq) + 3H
+
(aq) (3.7)
CaCl2(s) + H2O(l) −→ Ca2+(aq) + 2Cl−(aq) + H2O(l) (3.8)
Ca2+(aq) + CO
2−
3(aq) −→ CaCO3(s) (3.9)
This gives the net equation:
(NH4)2CO3(s) + CaCl2(s) −→ CaCO3(s) + 2NH+4(aq) + 2Cl−(aq) (3.10)
although only a fraction of the intermediate reaction products participates in the
precipitation of calcium carbonate. From these equations it can be seen that the pH
of such a solution remains constant if 1.5× as much NH3 is dissolved in the solution
as CO2, assuming that the pK a of CO2 ≈ pK b of NH3 (which is not the case because
NH3 is a stronger base than CO2 is acid). However, the solubility of NH3 in water
is very high (about 1500× higher than the solubility of CO2 20) and this means that
the pH and therefore the supersaturation increases rapidly during the experiment,
because the supersaturation of calcium carbonate depends strongly on the pH of the
solution since [CO2+3 ] in both an open and a closed system depends strongly on the
pH (see Figures 2.4 and 2.5). A schematic drawing of the setup which is used in this
thesis for the above described crystallization method is given in Figure 3.1. Although
this system is even more diﬃcult to describe in terms of the exact supersaturation as
the Kitano system (there are even more kinetic steps involved), it can be easily seen
that the supersaturation increases as a function of time until nucleation occurs. The
supersaturation of calcium carbonate increases, both because the pH increases and
because the total carbonate content increases. The advantages of this method over the
Kitano method are that it is easier, and that the supersaturation is not maximal at
the air/solution interface. The latter gives rise to a suﬃciently high supersaturation
at the SAM, in order to grow enough crystals to be able to study them with X-ray
diﬀraction. The SAM is placed upside down in the solution to prevent crystals from
the solution to fall on the SAM. The starting pH of this solution is 7.0−7.5, but the
pH increases rapidly during the experiment and reaches a maximum value of about
pH = 9.8−10.0. After reaching this maximum, the pH drops a little as a results of the
formation of calcium carbonate, which gives rise to the formation of H+ ions because
the equilibrium in equation 3.7 is drawn to the right by the precipitation of calcite.
The ‘CO2 in’ solution is made by sublimating 1−2 g. of (NH4)2CO3 in a closed
vessel containing a CaCl2 solution with a concentration of about 15 mM (see Fig-
ure 3.1). The (NH4)2CO3 is placed in a petridish, which is closed with paraﬁlm.
Small holes are made in the paraﬁlm in order to keep the sublimation and diﬀusion
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Figure 3.1: (a) Schematic drawing of the customized setup for crystallization ac-
cording to the ‘CO2 in’ method. The temperature of the solution is kept constant
with a thermostat bath, and during the crystallization experiments the pH and
temperature are measured continuously. In order to prevent crystals to fall from
the solution on the sample, the substrates are placed with the SAM facing down-
wards. (b) Schematic drawing of the setup of the ‘CO2 in’ method as used by
Aizenberg et al. (see Section 5.1)
processes rather slow. The samples are placed upside down in the vessel and the crys-
tals are grown overnight. Before the experiment the vessel and the sample holders
are carefully cleaned with soap, acid and methanol in a similar way as described for
the Kitano solution. The starting pH of the solution can be adjusted by adding the
desired amount of a NaOH solution.
3.1.3 Mixing of Solutions Containing Calcium and Carbonate Ions
(Chapters 5, 6 and 7)
The last crystallization method is the crystallization of calcite by mixing solutions of
NaHCO3 and CaCl2. In the experiments described in this thesis this is carried out in
a closed system (see Section 2.3.1 for the theory of such a system), where the total
dissolved carbonate content (CT = [CO2] + [H2CO3] + [HCO−3 ] + [CO
2−
3 ]) is equal
to [NaHCO3] of the mixed solution. For such a system, the initial driving force can
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be calculated using the equations from Section 2.3.1 and equation 2.45 and this gives:
∆µ
kBT
= ln
({Ca2+}{CO2−3 }
Ksp
)
= ln
(
fCa2+fCO2−3
[Ca2+][CO2−3 ]
Ksp
)
(3.11)
where:
[Ca2+] = [CaCl2] (3.12)
[CO2−3 ] = [NaHCO3]
({H+}2
K ′1K
′
2
+
{H+}
K ′2
+ 1
)−1
(3.13)
In all our experiments the temperature is kept constant at 293K and the ionic strength
is adjusted to 0.08. The activity coeﬃcients are calculated by using the Pitzer theory
described in Appendix A and given in the relevant chapters since they depend on the
speciﬁc concentrations of all the species. The Ksp for calcite is 10−8.54. This is the
value at which the attachment and detachment rates for calcium carbonate growth
units are equal in a closed system at 293 K.21
The driving force for precipitation (∆µ/kBT ) does not remain constant during the
experiment because when calcite precipitates, Ca2+ and CO2−3 ions are withdrawn
from the solution and as a result the supersaturation drops. This could, in theory, be
prevented by using a solution of constant composition and ﬂowing such a solution at
suﬃciently high rate through the reactor vessel where the samples are grown. This
would be possible if the solution is metastable, but for solutions with suﬃciently high
supersaturation to nucleate within one day this is not the case. In that case turbulence
is created and material precipitates in an uncontrolled way. This leads to the forma-
tion of vaterite and clustered calcite crystals, but not to calcite crystals which are
oriented on the substrate. Similar problems arise when the solution is stirred during
the experiment. In theory, this should be carried out in order to prevent the forma-
tion of concentration gradients in the solution as a result of nucleation and growth
of calcium carbonate crystals. In practice, however, stirring the solution leads to an
uncontrolled precipitation of material. In the experiments described in this thesis the
solutions are carefully mixed together whereafter they are not moved or stirred any-
more. This procedure leads both to nucleation in solution (homogeneous nucleation)
and on the substrate (heterogeneous nucleation) of calcite in a controlled way (see
Chapter 6). The main advantage of this method is that the initial driving force is
known and this enables us to do nucleation experiments of calcite on Self-Assembled
Monolayers as a function of the driving force. The results of these experiments are
described in Chapter 6. A drawback of this method is that it demands a more com-
plicated setup and the supersaturation does not increase with time. This means that
it is not very suitable as a method to determine whether a substrate does or does not
inﬂuence the nucleation of calcite. The Kitano and the ‘CO2 in’ method are more
suitable to answer such a question.
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Figure 3.2: Setup for the crystallization of calcite by mixing two solutions. The
pH and the temperature are measured in situ.
A schematic drawing of the setup that we used in our experiments is shown in Fig-
ure 3.2. Before mixing both the CaCl2 and the NaHCO3 solutions are thermostated
at 293K before mixing. The CO2 from the air which is present in the CaCl2 solution
is removed from the solution by bubbling the solution with N2 for about 1.5 hours
until the pH ≥ 7 which is measured in situ. This is not necessary for the NaHCO3
solution since its pH is so high that no CO2(aq) is present. The pH will rise when
the NaHCO3 solution is added to the CaCl2 solution and the measured pHmax is
used in the calculations of the initial driving force, since it represents the point where
[CO2−3 ] is maximal. After the initial rise (which is in about 1 minute) the pH will
drop over time because the formation of CaCO3 leads also to the formation of H+.
The supersaturation of this solution decreases over time because Ca2+ and CO2−3 ions
are removed from the solution during the precipitation of calcite. Furthermore the
pH decreases and this leads to a smaller fraction of CO2−3 ions in the total dissolved
carbonate content of the solution. These combined eﬀects makes the calculation of
the supersaturation as a function of time rather diﬃcult.
3.1.4 Making and Maintaining a Solution at Constant Driving Force
(Chapter 7 )
From the theory in Chapter 2 it is known that for a solution containing carbonate ions
it is important to deﬁne whether the system is open or closed. In this experiment
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it was decided to use the solution that is an open system in contact with the air,
because it appeared that it is more easy to maintain a constant driving force in such
a system because the pH can be kept constant with a high precision. To describe the
solution composition of our experiments, the following equations for the concentration
of carbonate ions as a function of pH are needed (see Chapter 2):
[CO2−3 ] =
CB − CA + {H+} − [OH−]
2 + K
′
2
{H+}
(3.14)
[HCO−3 ] =
K ′2
{H+} [CO
2−
3 ] (3.15)
where in our case CB = [NaHCO3] + [NaCl] and CA = [NaCl] since we use NaCl to
adjust the ionic strength of the solution to 0.08. The mixed equilibrium constants
and the activities of the Ca2+ and CO2−3 ions are calculated using the Pitzer theory
described in Appendix A, resulting in a driving force that is deﬁned by:
∆µ
kBT
= ln
({Ca2+}{CO2−3 }
Ksp
)
= ln
(
fCa2+fCO2−3
[Ca2+][CO2−3 ]
Ksp
)
(3.16)
The Ksp for calcite is 10−8.54. This is the value at which the attachment and detach-
ment rates for calcium carbonate growth units are equal in a closed system at 293
K.21 The pH of such a solution depends strongly on the pCO2 of the environment.
Since in air this value varies over time it is more convenient to use a premixed gas
atmosphere with a constant pCO2 of 10−3.5, which is the average value of pCO2 in
air. When this gas mixture is bubbled through the solution, which is continuously
stirred with a stirring bar, an equilibrium is established in about 12 hours, resulting
in a solution with a pH of about 8.60 that is constant with a precision of about 0.02
pH units. This results in a driving force with a precision of 0.05. Measurements that
showed a deviation in the pH that was larger than 0.02 units were excluded since
their driving force was considered not to be suﬃciently constant over time for such an
experiment. The solutions were more stable in pH when the CaCl2 solution and the
NaHCO3 solution were separately bubbled with the gas mixture for 12 hours and then
mixed. This also prevents the formation of calcium carbonate particles in the solution
as a result of uncontrolled precipitation which is undesired because it decreases the
driving force and it disturbs the optical micrographs. The ﬁlter is used to prevent the
latter, but too many particles will block the ﬁlter and hinder or stop the ﬂow of the
solution.
A schematic picture of the setup is shown in Figure 3.3. During the experiment
the pH of the solution was continuously measured, and with this value and the known
concentrations of Ca2+ ions and CA and CB the driving force can be calculated. In
order to reduce the heterogeneous nucleation the solution was pumped, at constant
3.1 Crystallization Methods 37
pH probe
Thermometer
Gas mixture 
pCO
2
 = 10-3.5
0.2 µm filter
Microscope
Sample
Thermostat bath
Peristaltic pump
Thermostat bath
CaCl2 +
NaHCO3
Figure 3.3: Schematic drawing of the entire calcite growth setup. Photos of the
setup can be found at the end of Chapter 7.
driving force, through a 0.22 µm ﬁlter. The tubing is impermeable for CO2 (teﬂon),
which guarantees that CO2 from the air does not alter the driving force of the solution
before it is ﬂowed through the cell with the growing crystals. The temperatures of the
Thermostath 
in
Thermostath 
out
Solution in
Solution out Sample
Quartz 
window
KelF cell 
(PTCFE)
Figure 3.4: Growth cell. The thermostated cell holder is composed of aluminum,
the cell itself of KelF (PTCFE), all O-rings are composed of Kalrez and the window
of quartz.
storage vessel and the growth cell were measured in situ and maintained at 293.0 K
during the entire experiment with the help of a thermostat bath. A detailed image
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of the growth cell is shown in Figure 7.8. The diameter of the cell is 35 mm and the
height of the liquid is 1 mm, giving rise to a cell with a volume of about 1 ml. The
materials of the cell in contact with the solution were KelF (PTCFE), Kalrez and
quartz, which are inert and easy to clean. In order to remove any remaining calcium
carbonate particles from a previous experiment all components of the setup that had
been in contact with the solution were carefully cleaned with diluted HNO3. After
that treatment methanol was used to kill any bacteria. Between these steps all parts
were rinsed (3×) with nanopure water. After each experiment the 0.22 µm ﬁlter was
replaced.
The calcite crystals were nucleated on the SAMs using the ‘CO2 in’ method, as
has been described in Chapters 3 and 5. However, in order to obtain small crystals
that are not fully grown, the samples were only placed in this setup for a couple of
hours. The samples were then taken out of the solution and rinsed with nanopure
water to remove residual ions. In order to prevent poisoning eﬀects that might be the
result of drying the crystals, care was taken to keep the samples wet when they were
transferred to the growth cell. The growth cell was closed and the supersaturated
solution was ﬂowed over the substrate at a constant rate of about 1.5 ml/min and
therefore the entire content of the cell was continuously refreshed within less than a
minute in order to prevent any decrease in the driving force in the cell as a result of
the deposition of ions on the growing crystals. In order to prevent a possible decrease
in driving force, the solution that had passed the growth cell was not recycled.
3.2 Orientation Analysis with Scanning Electron Microscopy
(Chapters 4 and 5)
In this thesis two methods are used to determine which calcite plane is parallel to
the substrate: Scanning Electron Microscopy (SEM) and X-Ray Diﬀraction. When
a projection of a 3-dimensional object is made in two dimensions information about
the 3-dimensional object is lost. However, in the case of determining the orientation
of a calcite crystal the 3-dimensional ﬁgure can be reconstructed by using the known
shape of the calcite rhombohedron. When SEM images of the calcite crystals are
made in such a way that the electron beam is perpendicular to the substrate the angles
between 3 adjacent {104} faces will identify the face which is perpendicular to the
viewing direction and therefore parallel to the substrate. Each viewing direction will
give diﬀerent angles between the adjacent faces of the rhombohedron. This technique
is commonly used in the crystallographic community and is, in the case of calcite,
well described in the paper by Fendler et al.22. The resolution of SEM allows us to
measure the angles between the adjacent {104} faces with suﬃcient precision, but
for large crystals optical microscopy can be used as well. Figure 3.5 shows how this
technique is applied to our samples. The precision of this technique is not very high
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Figure 3.5: The alignment of a particular calcite face with respect to the substrate
can be determined by measuring the angles between three adjacent {104} faces and
by using the known geometry of calcite, the plane perpendicular to the viewing
direction can be calculated. (a) Computer generated model where the angles α, β
and γ deﬁne the plane perpendicular to the viewing direction. (b) SEM image
where the angles α, β and γ are measured. The precision of this method is ±1.5◦.
(depending on the resolution of the images), but it allows the evaluation of the X-
ray diﬀraction results with a direct visual input. In most cases the nucleation plane
is determined by X-ray diﬀraction ﬁrst and the resulting nucleation face is used to
calculate the angles between the three adjacent {104} faces. The resulting angles are
then compared to those obtained by SEM.
3.3 Orientation Analysis with X-ray Diﬀraction
X-ray diﬀraction is a very powerful tool to determine the orientation of a crystal with
respect to a substrate . In this section, three diﬀerent X-ray diﬀraction techniques
and setups will be discussed which are frequently used in this thesis. 1) Powder X-
ray diﬀraction, which allows the determination of the crystallographic plane parallel
to the substrate; 2) polar plots, which give the precision of this orientation and 3)
azimuthal scans, with which the in-plane orientations of the crystals with respect to
the substrate and each other can be studied. The theory behind these setups is the
general diﬀraction theory described in Section 2.1.1. Two diﬀerent diﬀractometers
are used: The Philips PW 1810 for the powder diﬀraction data, and the Bruker AXS
D8 Discover for the polar plots and the azimuthal scans.
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3.3.1 Powder X-ray Diﬀraction
(Chapters 4, 5 and 6)
Powder X-ray diﬀraction is a technique which is used to measure the orientation of
an ensemble (powder) of crystals with respect to a substrate. The setup is such that
all crystallographic planes that diﬀract X-rays will be put in the right conﬁguration
for diﬀraction. This is accomplished by scanning the sample over an angle θ and
keeping the detector always at 2θ (see Figure 3.6) The peaks that appear at speciﬁed
θ
θ
Detector
X-ray beam
Figure 3.6: Powder X-Ray Diﬀraction setup with the sample at angle θ with
respect to the incoming beam and the detector at angle 2θ.
positions on the 2θ axis belong to a speciﬁc crystallographic plane according to Bragg’s
law. For an ideal powder, the intensities for all these peaks are known. When the
peaks intensities of our samples are compared to the peaks intensities of an ideal
calcite powder the percentage of crystals with a speciﬁc orientation can be found by
applying the following formula:18
hkl(%) =
Ihkl/I∗hkl∑
Ihkl/
∑
I∗hkl
× 100 (3.17)
where Ihkl and I∗hkl are the intensity in counts per second for the peaks belonging
to the plane {hkl} for the measured sample and the ideal powder respectively. The
precision of this method depends on the focus of the beam on the sample but it is
about 0.05◦.
3.3.2 Polar Plots
(Chapter 4)
In case that the powder X-ray results suggest that the crystals are grown with one
particular crystal plane parallel to the substrate, polar plots can show the precision
of this alignment. To measure polar plots, the crystallographic plane of the substrate
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and the crystallographic plane of the crystal that are parallel to each other have to
be selected. The setup is put in diﬀraction for both planes (usually these do not have
the same setup geometry) without removing the sample between the measurements.
The diﬀraction peak is then measured as a function of the azimuthal angle and the
incident angle of the X-ray beam. The latter is usually varied a couple of degrees
around the ‘central’ diﬀraction angle for the selected peak. The width and shape of
both peaks can be compared to each other. If the width of the substrate peak is equal
to the width of the crystal peak, there is a perfect alignment and epitaxy might be
present between the crystals and the substrate, but in that case there has to be an
in-plane alignment as well. If the peak of the crystals is broader than the substrate
peak it means that there is a distribution of planes around an equilibrium value, with
a preferred orientation, but there is no perfect alignment and therefore no epitaxy.
The precision of this method depends on the focus of the beam on the sample but it
is about 0.05◦.
3.3.3 Azimuthal Scans
(Chapters 4 and 5)
If the results from the polar plot measurements indicate that there is a perfect align-
ment between a speciﬁc crystallographic plane and the substrate, it might be possible
that the crystals are epitaxially grown on that substrate. The deﬁnition of epitaxy,
however, requires that there also exists a ﬁxed in-plane orientation of the crystals
with respect to the substrate. To investigate this with X-ray diﬀraction, the in-plane
orientation of the substrate with respect to the crystals has to be measured. This
can be carried out with a setup as shown in Figure 3.7. The in-plane orientation of
ω
Incident 
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Diffracted 
beam
Calcite {122}
φ
Au(111)
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2θ
Figure 3.7: Schematic model of the diﬀraction setup to measure the in-plane
orientations of the substrate and the crystals
a crystal can only be determined when diﬀraction occurs on crystallographic planes
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that are not parallel to the aligned crystallographic plane. In principle any crystallo-
graphic plane that follows this restriction could be selected. In our experiments we
have used the following criteria to select these planes:
• The relative intensities of the peaks, obtained from the powder diﬀraction data,
should be maximal,
• The diﬀraction angle should ﬁt in the geometry of our diﬀraction setup
and this results in:
ω = θ − α > 0 (3.18)
and thus:
θ > α (3.19)
where θ is the diﬀraction angle for a speciﬁc crystallographic plane of the substrate
or the crystals and α is the angle between the normal of the selected crystallographic
plane and the normal of the substrate.
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CHAPTER 4
Epitaxial Nucleation of Calcite on Self-Assembled Monolayers
It is of great importance for both biologists and materials scientists to better un-
derstand the interactions at a molecular level between organic substrates and inor-
ganic crystals such as calcite. In this chapter we will introduce the model system
that we have used in this thesis. The model for a biological organic substrate is a
Self-Assembled Monolayer (SAM) of carboxylic acid terminated thiol molecules on a
Au(111) surface. Calcite is chosen as the inorganic phase since it is rather easy to
make in the laboratory and it is an abundant morphology of calcium carbonate in
nature. In this chapter we will investigate the inﬂuence of the SAM of carboxylic acid
terminated thiol molecules on the nucleation face of calcite. We do this by studying
the orientation of the calcite crystals with respect to the substrate with the help of
several techniques. This results in a 2D model in which the epitaxial relation between
the SAM and the calcite crystals is identiﬁed (See Section 4.4.1). With the known
parameters of the 3D structure of the SAM as described in Section 4.1 we have at-
tempted to make a 3D model of the interface between the SAM and the calcite crystal
(see Section 4.4.2) in order to discuss the possible reasons why the SAM has such a
high degree of control over the nucleation of calcite.a,b
aA.M. Travaille, J.J.J.M. Donners, J.W. Gerritsen, N.A.J.M. Sommerdijk, R.J.M. Nolte, H. van
Kempen, Adv. Mater. 14, 492 (2002).
bA.M. Travaille, L. Kaptijn, P. Verwer, B. Hulsken, J.A.A.W. Elemans, R.J.M. Nolte, H. van
Kempen, J. Am. Chem. Soc. 125, 11571 (2003).
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4.1 Self-Assembled Monolayers as Model Systems for Biological
Interfaces
Self-Assembled Monolayers of alkanethiols on Au(111) crystals are very well studied
systems. They are easy to construct, are generally of good quality and they provide
an excellent model for organic substrates. The fact that the terminus can be any
one of a number of functional organic groups, makes such a system very suitable for
investigating the inﬂuence of a particular endgroup on events such as crystal growth,
attachment of biomolecules e.g.proteins and many other experiments for which a
model system for a biological interface is needed. The existing literature on SAMs is
vast and sometimes contradicts itself, but a recent review paper of Schreiber1 gives
a very good overview of the main properties of these monolayers.
4.1.1 Properties of Self-Assembled Monolayers
SAMs of alkanethiols can be considered as two-dimensional crystals on a single crys-
talline Au(111) surface. The structure of the monolayer is not very easy to under-
stand due to the many possible degrees of freedom of the thiol molecules. Therefore,
many experiments such as Scanning Tunnelling Microscopy (STM), X-ray diﬀraction,
Fourier Transformed Infrared (FTIR) spectroscopy, Second Harmonics Generation
(SHG) and Quartz Crystal Microbalance (QCM) have been applied to reveal the
structure of a SAM.1 From these measurements, two structures for a SAM of alka-
nethiols have been proposed: the R30◦(
√
3×√3) structure and the C2×4 structure.
In the models for both structures, the alkane backbones and endgroups have the
same positions with a hexagonal symmetry, but in the model with the C2× 4 lattice
the orthogonal orientation and the pairing of the sulfur atoms break the hexagonal
symmetry of the structure resulting in an orthorhombic unit cell. The sulfur atoms
of the chains with a diﬀerent twist angle are paired and as a result gauche defects
are present in the alkane chains.2 This sulfur pairing causes a height modulation of
the endgroups and, as a result of the fact that the alkane chains are orthogonal with
respect to each other, these endgroups adopt diﬀerent orientations. The other pa-
rameters, such as the tilt angle α, the twist angle of the alkane chains β, and the
tilt direction δ are well-established for alkanethiols1 (see Figure 4.1). For the thiol
monolayers with carboxylic acid endgroups the structure is more disordered, but as
a ﬁrst approximation the structure of the alkanethiols can still be used. Only a
few studies have been carried out on carboxylic acid terminated thiols.3–5 Some of
these have shown that the thiols are ordered in a hexagonal R30◦(
√
3 ×√3) lattice,
but with a smaller coherence length than in the case of methyl terminated thiols, al-
though the presence of a solution containing Ca2+ or Mg2+ ions was found to improve
the ordering.4 Recent work has shown that carboxylic acid terminated thiols from a
mixed ethanol/acetic acid solution leads to the formation of a well ordered SAM.6
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Figure 4.1: 16-Mercaptohexadecanoic acid (MHA) and its degrees of freedom. In
our models, the tilt angle α is 32◦ and the tilt direction δ is 22.7◦. The twist angle
β for the R30◦(
√
3 × √3) model is 55◦ and for the C2 × 4 model β is +35◦ and
−55◦. The carboxylic acid endgroup is free to rotate around γ.
Scanning tunneling microscopy studies have revealed that carboxylic acid terminated
thiol monolayers, when prepared at elevated temperatures, form larger domains with a
hexagonal R30◦(
√
3×√3) lattice than when prepared at room temperature.5 Because
our experiments have demonstrated that the calcite crystals are oriented over very
large distances, we propose that the SAM of 16-mercaptohexadecanoic acid (MHA)
has a similar structure as a SAM of methyl terminated thiols, whether that would be
the R30◦(
√
3×√3) structure or the C2×4 structure, but in both cases the carboxylic
acids are free to rotate around the angle γ resulting in a disordered structure of the
endgroups.1,3
4.1.2 Self-Assembled Monolayers as Templates for Calcite Nucleation
Since SAMs are very well-studied systems and since they are easy to prepare they
are used in many diﬀerent experiments as a model system for organic monolayers. In
this experiment SAMs are used as a way to create well-ordered monolayers of organic
molecules with speciﬁc endgroups that are relevant for biomineralization. Aizenberg
et al. have used SAMs with diﬀerent endgroups on silver and gold and found that
the choice of endgroup inﬂuenced the nucleation plane of calcite. In addition, the
same thiols on a diﬀerent substrate gave rise to diﬀerently oriented calcite crystals
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as a result of the diﬀerent ordering of thiols on gold and silver.7 Since they used
polycrystalline gold ﬁlms as a substrate for the SAM, it could not be determined
whether the crystals were grown epitaxially on the SAM or whether there was just a
preferred orientation. In our experiments, single crystalline mica is used as a substrate
on which a highly oriented polycrystalline gold ﬁlm can be evaporated. The in-plane
orientation of the mica is transferred to the gold and the thiols follow the structure of
the Au(111) surface. If the nucleation of calcite crystals on the SAM is epitaxial, they
should be aligned with respect to each other. We have demonstrated this eﬀect in
our ﬁrst paper,8 but at that time the number of crystals grown on the SAM was too
small to be able to study them with X-ray diﬀraction. However, the growth method
of the calcite crystals presented here did allow us to study the system with X-ray
diﬀraction. The results will show that calcite crystals grow epitaxially on SAMs with
carboxylic acid endgroups and that there exists a lattice match between the calcite
crystals and the SAM in one direction and no lattice match in the other direction.
4.2 Sample Preparation and Crystallization Procedure
The SAMs were constructed by placing gold ﬁlms, which were evaporated on a freshly
cleaved mica substrate, into a 0.1 mM solution of 16−mercaptohexadecanoic acid
(MHA) in ethanol for 1 hour at 55 ◦C. The samples were subsequently rinsed with
ethanol to remove the unbound thiols and with nanopure water to remove the ethanol.
A droplet of a Kitano solution9 was deposited onto the samples. The latter solution
is based on the equilibrium:
2HCO−3(aq) + Ca
2+
(aq)  CaCO3(s) + CO2(g) + H2O(l) (4.1)
The supersaturation of this solution depends on the degassing velocity of CO2, which
causes the calcite growth to take place mainly at the air/water interface because at
that point the CO2 concentration is minimal and, therefore, the supersaturation is
maximal (see Section 3.1.1). In the ﬁrst paper, the sample was placed upside down in a
vessel ﬁlled with this solution,8 but then the number of nucleation events at the SAM
was rather low. To increase the CO2 degassing rate, and thus the supersaturation at
the SAM, the sample was placed with the SAM facing upwards, and by putting only
a droplet of the Kitano solution on the sample the distance between the SAM and the
air/water interface was kept to a minimum (Figure 4.2(a)). The crystallization was
followed in situ with a polarization microscope (Figure 4.2(b)). From Figures 4.2(c)
and 4.2(d) it can be seen that the number of nucleated crystals is very high. The
total time needed for the crystals to nucleate and grow was a few hours, which is a
relatively short time, compared to the 24 hours needed in the method as reported in
the ﬁrst paper.8
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Figure 4.2: (a) Schematic representation of calcite precipitation from a droplet
of a Kitano solution. (b) Polarization micrograph of growing calcite crystals
(1000×). (c) Scanning electron micrograph of calcite nucleated on a self-assembled
monolayer of MHA (1000×). (d) Scanning electron micrograph zoomed in on
laterally aligned calcite crystals (3000×).
4.3 Analysis of the Orientation of Calcite Crystals
4.3.1 Scanning Electron Microscopy
The samples obtained were studied with Scanning Electron Microscopy (SEM). The
SEM images (Figure 4.2(c) and 4.2(d)) revealed that the majority of the calcite crys-
tals had a size ranging from 1−5 µm and that they were nucleated with the {012}
face parallel to the SAM. The observation that many of the crystals in Figure 4.2(d)
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have the same orientation already suggests the existence of a lateral alignment be-
tween the crystals. The Miller indices of the nucleated faces can be determined by
measuring the angles between three adjacent {104} faces in a SEM image which has
to be recorded in a direction perpendicular to the Au(111) ﬁlm (see Section 3.2)c, 7,10
4.3.2 X-Ray Diﬀraction
Another method to determine the crystal plane parallel to the substrate is by mea-
suring a θ/2θ X-ray diﬀraction pattern in which the peak positions and heights of
the calcite crystals are compared with those of an ideal calcite powder (see Figure 4.3
and Section 3.3 for more details).7,11 During this θ/2θ scan the sample was rotated
to average the intensity of the diﬀraction signal, so that the height of the peaks does
not depend on the in-plane direction of the sample. In the X-ray diﬀraction pattern
that was recorded of the calcite crystals on the SAM, only peaks corresponding to the
{012} and {104} faces were present. When the relative intensities of the {012} and
{104} peaks are compared to those in the θ/2θ scan of an ideal calcite powder, it can
be concluded that > 95% of the crystals are oriented with their {012} face parallel to
the SAM. The polar plots in Figure 4.4 show that the interaction between the SAM
and the calcite {012} plane is unique since the width and shape of the Au(111) peak
is the same as the width and shape of the calcite {012} peak (see Section 4.4). The
results are in agreement with the results obtained with SEM. The small {104} peak
in the diﬀraction pattern might originate from a few crystals that dropped from the
solution onto the SAM. In some cases these {104} oriented crystals were also observed
with SEM and polarization microscopy (data not shown). Previous experiments had
demonstrated that the nucleated calcite face was the {012} face (a model is shown in
Figure 4.5(a)), and that the crystals are laterally oriented with respect to each other
as well as to the SAM.8 This implies that there exists a unique interaction between
the carboxylic acid groups of the SAM and the nucleated calcite crystals. The geom-
etry of this interaction can be determined with X-rays when the in-plane orientation
of the SAM and the calcite crystals is measured simultaneously.d We have chosen to
measure the in-plane orientation of the Au(111) lattice with respect to the in-plane
orientation of the calcite {012} crystals and relate the structure and orientation of
the SAM to the orientation of the Au(111) lattice. In principle this can be easily
carried out by measuring a pole ﬁgure of the sample. The in-plane orientations from
Au(111) and calcite {012} would follow directly from such a measurement. There
are, however, some practical problems when this technique is applied without any
cThe precision of this method is about ±1.5◦ and therefore less accurate than results obtained
with the X-Ray Diﬀraction method. However, the SEM images clearly show that almost all the
crystals have an orientation that ﬁts with the {012} orientation. Only a few crystals were observed
that had the {104} plane parallel to the SAM.
dThis, however, would require measurements at a synchrotron facility since the diﬀracted signal
from the SAM is very weak.
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Figure 4.3: Powder XRD results. (a) X-ray diﬀraction patterns of mica + Au(111)
+ oriented calcite. The samples were rotated around the surface normal axis
during the measurements. The indices in the θ/2θ scan represent the calcite
crystal planes that are parallel to the SAM. (b) X-ray diﬀraction patterns of mica
and calcite powder. The dashed lines represent the peak heights and positions of
an ideal calcite powder (diﬀraction indices for calcite are given in the θ/2θ scan)
and the peaks belonging to the mica were obtained by measuring a blanco mica
sample.
further considerations. The number of calcite crystals is rather small, and for each
orientation only 1/6th of the signal generated from the calcite crystals will be mea-
sured, if it is assumed that each orientation is equally present in the sample. The
fact that the {012} planes of the calcite crystals are parallel to the Au(111) ﬁlm can
be used to select only one calcite plane and one gold plane which will provide the
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Figure 4.4: (a) Polar plot of the calcite {012} peak. (b) Polar plot of the Au(111)
peak. The shape of the peaks in both plots is a little bit distorted due to a
misalignment of the azimuthal axis and the Au[111] and calcite <012> directions.
in-plane orientations. In this way the time needed to obtain the results is drastically
reduced, but still a measurement time of 20 hours was needed to obtain a suﬃcient
signal to noise ratio. One of the reasons why the measurement time is so long is
that, due to the sample geometry and the diﬀractometer setup, it was very diﬃcult
to align the azimuthal axis (φ) with the Au[111] direction. Therefore it was necessary
to measure the diﬀraction for diﬀerent incident angles around a theoretical value in
order to obtain the positions of all the calcite and gold peaks. The sample, mounted
on a goniometer (setup in Figure 4.5(b)), was rotated about the azimuthal axis with
the beam and detector put in the diﬀraction setup for the calcite {122} and Au{113}
planes respectively. This ensures that, upon rotation of the sample, distinct peaks
will appear if the crystals are laterally oriented and a uniform signal if they are not
oriented. Since the Au{113} planes have a sixfold symmetry around the Au[111] axis,
6 peaks can be expected for the gold ﬁlm. The azimuthal angle corresponding to a
peak indicates directly the Nearest Neighbor (NN) direction of the Au(111) ﬁlm. The
calcite {122} planes, however, have beside the six diﬀerent orientations of the crystals
an extra symmetry element, namely the mirror plane of the {012} face indicated by
the dashed lines in Figure 4.5(a). Each orientation of a calcite crystal will therefore
give rise to two azimuthal angles for which diﬀraction will occur. These azimuthal
angles are deviated +38◦ and −38◦ from the mirror plane and the theoretical scan
for diﬀraction on the calcite {122} planes is drawn as an inset in Figure 4.6 (solid
white lines). The calcite {122} and Au{113} planes were selected by two criteria: the
relative intensities of the peaks, obtained from the powder diﬀraction data, should be
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Figure 4.5: (a) Model of a {012} oriented calcite crystal. The dashed line, which
represents the mirror plane, which is the {-210} calcite plane and is perpendicular
to the {012} face and parallel to the [001] axis, determines the lateral orientation
of the crystal. The solid lines represent the lateral orientations of the {122}
planes. (b) Schematic model of the diﬀraction setup. The angle between the
incident beam and the detector (2θ) is such that only diﬀraction from the calcite
{122} planes will be detected. By rotating the sample about φ, diﬀraction will
occur every time the calcite {122} plane is correctly aligned with respect to the
incoming beam and the detector. The incident angle (ω = θ−α) is varied around
the equilibrium value to correct for the misalignment between the Au[111] axis
and φ, where α is the angle between the Au(111) plane and the calcite {122}
plane.
maximal, and the diﬀraction angle should ﬁt in the geometry of the diﬀraction setup
used:
ω = θ − α > 0 (4.2)
and thus:
θ > α (4.3)
where α is the angle between the Au(111) plane and the selected calcite and gold
planes.
The measured scan of the calcite crystals and for the gold surface are shown in
Figures 4.6(a) and 4.6(b), respectively. For a theoretical scan, 12 peaks are expected
for calcite (peak positions indicated by black dots in Figure 4.6(a)) and 6 peaks for
gold. However, from Figure 4.6(b) it is clear that 12 gold peaks are measured (white
spots in Figure 4b). Six peaks have a high intensity and six peaks have a lower
intensity and are shifted by 30◦. A possible explanation for this might be that the
Au(111) islands follow the symmetry of the underlying Mica but that in some parts
of the sample the orientation of the islands is rotated 30◦ due to a mismatch between
the Au(111) and the Mica lattices. From Figure 4.6 it can be concluded that the
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Figure 4.6: (a) X-ray diﬀraction pattern of the calcite {122} planes. The black
spots indicate the peak positions; the dashed white lines correspond to the section
between the {012} face and the {-210} mirror plane and they represent the lateral
orientations of the calcite crystals and the solid white lines the calculated positions
of the calcite {122} peaks. (b) X-ray diﬀraction pattern of the Au{113} planes.
The peak positions (white spots) directly indicate the nearest neighbor direction.
The dashed white lines represent the orientation of the calcite crystals.
azimuthal axis is not aligned parallel to the Au[111] axis, which causes a precession
of the Au[111] axis around the rotation axis, and this in turn causes a sine-shaped
distribution of the peak positions around an equilibrium value of ω.
4.4 Proposed Models
4.4.1 2D Model
From the data in Figure 4.6 the orientation of the calcite crystals with respect to the
Au(111) ﬁlm can be directly derived. The azimuthal widths of the peaks in the scans
for Au and calcite are the same and this indicates that the in-plane orientation of the
calcite crystals is uniquely deﬁned by the in-plane orientation of the Au(111) ﬁlm.
With these data, and the known parameters for the orientation of the molecules in the
SAM with respect to an Au(111) ﬁlm,1 a model can be constructed in which only the
positions of the diﬀerent ions and molecules are taken into account (Figure 4.7). It is
well-known that thiol monolayers form a highly organized, densely packed monolayer
on Au(111) substrates. For these monolayers two structures have been proposed in
the literature, one in which the thiols are arranged in a R30◦(
√
3 × √3) and one in
which they are arranged in a C2 × 4 lattice on the Au(111) plane.1 Although the
models diﬀer in the orientation of the alkane backbones (vide infra), the positions of
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Figure 4.7: Schematic drawing of the lattices of the Au(111) plane, the carboxylic
acid endgroups of the SAM, and the carbonate ions of the calcite lattice. The
lattice match in the a-direction is almost perfect, but there is a large mismatch
in the b-direction. All three lattices can be translated in any direction; therefore,
their precise positions remain unclear.
the carboxylic acid endgroups are the same in both cases. For reasons that will be
discussed below, only the carbonate ions of the calcite {012} face are shown.e It can
be easily seen that a lattice match exists between the SAM and the calcite {012} face
in the a-direction (calcite <100>), but not in the b-direction (calcite <121>). Such
an orientation has already tentatively proposed by Aizenberg et al.7 The b-direction
corresponds to the section between the {012} face and the {210} mirror plane and its
direction is represented by the dashed lines in Figure 4.6. This direction is parallel to
the NN direction of the Au(111) plane.
The lattice match in one direction might explain the fact that the calcite crystals
have a unique orientation with respect to the SAM, however, it does not explain why
the {012} face is selectively nucleated. Intuitively one would expect nucleation of
the calcite {001} face since the Ca2+ ions in this plane have a hexagonal lattice that
perfectly matches the hexagonal lattice of the SAM. This issue will be addressed in
the discussion of Section 5.3. Another question is whether the calcite crystals are
Ca2+ or carbonate terminated at the interface. Since it can be expected that the
MHA monolayer is completely protonated at the starting pHf of the Kitano solution
eThe model of Figure 4.7 is an exact copy from our published results. In the rest of this thesis
the CO2−3 ions are replaced by the Ca
2+ ions, since later experiments revealed that the Ca2+ ions
are deposited ﬁrst.
fThe starting pH of a crystallization solution is deﬁned as the pH of the solution at the moment
the samples are placed in the solution. The pH at which the crystallization starts is as yet unknown,
but we assume that it depends on the pH value of the starting solution. Experiments regarding this
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(pH = 5.5−6.0), which is lower than the reported pK a value of 6.5 of a SAM of MHA
on Au(111) ﬁlms,12 there will be no strong electrostatic preference for one of these
ions. Although the {012} face does not have a perfect lattice match with the SAM, the
interaction between the SAM and the calcite crystals must have a preferred direction,
because the orientation of the crystals is highly deﬁned. It is therefore proposed that
the carbonate ions are nucleated ﬁrst and that the directionality and the selectivity
for the {012} face is caused by the orientation of the carboxylic acid endgroups and
by the presence of hydrogen bridges between the carboxylic acid endgroups and the
carbonate ions. Aizenberg et al., have claimed that the Ca2+ ions are deposited
ﬁrst,7 but their results have been obtained from a diﬀerent crystallization solution
with a starting pH of 7.0−7.5 which is well above the reported pK a value of a SAM
of MHA. Therefore the SAM they used was negatively charged, which causes a strong
electrostatic attraction with the Ca2+ ions.
4.4.2 3D Models: The R30◦(
√
3×√3) and the C2× 4 structure
To get a better idea about the precise interactions between the carboxylic acid end-
groups of the SAM and the calcite crystal, 3D models were constructed which take
(a) (b)
Figure 4.8: (a) R30◦(
√
3×√3) structure viewed in the a-direction of Figure 4.7.
Note the directional match between the carboxylic acid endgroups and the car-
bonate ions. (b) R30◦(
√
3×√3) structure viewed in the b-direction of Figure 4.7.
In this direction, a lattice match exists between the SAM and the carbonate ions.
into account all known parameters of a SAM of thiols on Au(111).1 Although the
information available about the orientation of the carboxylic acid groups of the thiols
is only limited, it is still of general interest to create such a model since it illustrates
the complexity of the problem of nucleation behavior of calcite on organic substrates.
issue are discussed in Chapters 5 and 8.
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For the construction of the 3D models (Figures 4.8 and 4.9), which were generated
using the Cerius2 software package,13 the two models were used which have been
mentioned before for the structure of the SAM of alkanethiols on Au(111) surfaces.1
In our models we have optimized the angle γ in such a way that there are hydrogen
(a) (b)
Figure 4.9: (a) C2 × 4 structure viewed in the a-direction of Figure 4.7. Note
the directional match between one-half of the carboxylic acid endgroups and the
carbonate ions. (b) C2 × 4 structure viewed in the b-direction of Figure 4.7. In
this direction, a lattice match exists between the SAM and the carbonate ions,
although it is obvious that in this model the interaction is less directional.
bonding interactions between the carboxylic acid endgroups and the carbonate ions,
and in addition that the endgroups and the carbonate ions are oriented in the most
parallel geometry. It is obvious that the model in which the thiols are arranged in
the R30◦(
√
3×√3) structure applies the best to these two criteria, although we have
no conclusive experimental evidence to support this hypothesis.
4.5 Conclusions
In this chapter we have shown that SAMs with carboxylic acid endgroups on Au(111)
lead to epitaxial nucleation of calcite on the {012} face. X-ray diﬀraction measure-
ments have shown that >95% of the crystals were nucleated on the {012} face. Fur-
thermore we have shown that there exists a lattice match between the calcite <100>
direction an the nearest neighbor direction of the SAM, and no lattice match between
the calcite <121> direction and the next nearest neighbor direction of the SAM.
The diﬀerence in nucleation face between our experiments, which resulted in a
preferred {012} nucleation face of calcite, and the results obtained by Aizenberg,
who obtained a preferred nucleation of calcite on the {015} face on similar SAMs,
was attributed to the use of crystallization solutions with diﬀerent starting pH. This
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phenomenon is discussed in detail in Chapter 5 and 8, since the explanation of the
results is more complicated than described in this chapter.
The attempts to make a 3D molecular model of the calcite crystal on top of the
SAM has illustrated some of the complexity of the interactions that take place at the
organic/inorganic interface. Two diﬀerent structures of the SAM (R30◦(
√
3×√3) and
the C2× 4) have to be taken into account. To obtain realistic results the addition of
water, Ca2+, CO2−3 and HCO
−
3 ions has to be taken into account as well, the results
of which will be described in Section 5.3. Furthermore, the structure of calcite might
be modiﬁed as a result of a surface reconstruction, and the nucleation of calcium
carbonate might very well occur in a structure that is not the resulting equilibrium
structure of calcite (see Chapter 6).
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CHAPTER 5
Influence of Crystallization Method and Thiol Chain Length
The results described in Chapter 4 have clearly shown that there is an extreme
selectivity of Self-Assembled Monolayers (SAMs) of carboxylic acid terminated thiols
for certain nucleation planes of calcite. In the discussion of the results we have
attempted to ﬁnd a possible explanation for this selectivity.1,2 Furthermore our results
were compared to those of Aizenberg et al.3 because the same SAM led in our case
to {012} oriented calcite, while Aizenberg et al. reported {015} oriented nucleation.
This diﬀerence was attributed to a diﬀerence in the pH of the crystallization solution,
resulting in a diﬀerent ionization degree of the SAM. This possible eﬀect will be
investigated in Section 5.1 where the use of crystallization methods that diﬀer in
starting pH will be described.
In Section 5.2 the eﬀect of the orientation of the functional groups on the oriented
nucleation of calcite will be further investigated by changing the chain length of
the thiols. The results from Chapter 4 and the models proposed by Mann4,5 and
Aizenberg3 have suggested that the orientation of the functional groups of the thiols
plays an important role in the orientation of calcite crystals. We have investigated this
phenomenon by studying the so-called ‘odd-even’ eﬀect, which involves a diﬀerence in
orientation of the functional groups of thiols with an odd or even number of carbon
atoms in the alkyl chain. The same approach has been used by Aizenberg et al.6 and
we will compare our and their results in Section 5.2.
The ﬁnal section (5.3) is dedicated to modelling calculations on the ‘odd-even’eﬀect,
which were performed by D. Duﬀy and J. Harding from University College London.
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5.1 Role of the Crystallization Method
The ionization degree of weak acids such as carboxylic acids depends on the pH of
the solution of the molecule. The pKa-value is deﬁned as the pH at which half of
the molecules are ionized. For alkane carboxylic acids in water this value is 3.9,
which means that at a pH above 5 more than 99% of the molecules will be ionized.
The pKa-value of carboxylic acids in water, however, cannot be compared with the
pKa-value of carboxylic acid groups in a SAM, because in the latter case strong
electrostatic and steric interactions between neighboring functional groups result in
an increase in ionization barriers. This is a well-known phenomenon, and therefore
the pKa-value of a SAM has to be determined experimentally in order to know its
ionization degree as a function of the pH. In the previous chapter we have used the
experimentally determined pKa-value of 6.3 for SAMs of 16-mercaptohexadecanoic
acid (MHA), measured by Whitesides et al.7. In the work of Scoles et al.,8 the
inﬂuence of the pH of the solution on the complexation of Ca2+ ions to a SAM of
MHA has been investigated with X-ray diﬀraction. Their results showed that the
SAM is fully ionized at a pH > 8, at which case the SAM is fully covered with Ca2+
ions. The results furthermore showed that the Ca2+ ions do not exhibit a long range
order. In a recent paper, Bowden et al.9 have shown that not only the measuring
technique, but also the smoothness of the Au(111) substrate has a big inﬂuence on
the pKa-value of a SAM of MHA, since pKa-values ranging from 6−10 were reported.
The average pKa-value thus determined for a SAM of MHA absorbed to Au(111) on
mica of pK a = 8.7 ± 1.4 is signiﬁcantly higher than the value reported by Whitesides
et al., which highlights that the sample preparation is more important than it seems.
Therefore, when we want to compare our results with those of Aizenberg et al., we
need to use our sample preparation technique in combination with their crystallization
solution. However, very recent studies of the pKa-value of carboxylic acid terminated
SAMs on silicon supports suggest two pKa-values for these monolayers. A study with
Second Harmonic Generation resulted in values of 5.6 ± 0.2 and 9 ± 110 and a study
with Fourier Transformed IR-ATR resulted in values of 4.9 ± 0.4 and 9.3 ± 0.2.11
Both studies attributed the lower pKa-value value to the deprotonation of COOH
groups that formed hydrogen bonds with water, and the upper pKa-value to the
deprotonation of COOH groups with intermolecular hydrogen bonds. This might
explain the diﬀerence in reported pKa-values.
To determine the inﬂuence of the pH of the crystallization solution on the nucle-
ation behavior of calcite we have used diﬀerent crystallization techniques. For two
of these techniques the pH was measured in situ as a function of time during the
crystallization process. The measured pH values are compared to the pKa-values for
MHA that are found in the literature9 in order to verify to what extent the SAM is
ionized during the nucleation of calcite. A detailed description of the crystallization
techniques can be found in Section 3.1 of the experimental introduction of this thesis.
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5.1.1 Crystallization Methods
Kitano Method
The Kitano method, which is based on the diﬀusion of CO2 out of the solution into
the environment, has been described in detail by Kitano et al.12 Calcium bicarbon-
ate is formed in water by bubbling CO2 through an aqueous suspension of calcium
carbonate, resulting in the following equilibrium:
CaCO3(s) + CO2(g) + H2O(l)  2HCO−3(aq) + Ca
2+
(aq) (5.1)
When the CO2 bubbling is stopped the equilibrium will shift back to the left side
of the equation, resulting in a supersaturated solution in which calcite precipitation
takes place. In Figure 5.1 a schematic drawing of the droplet is shown. The starting
Au(111)
Figure 5.1: Schematic drawing of a droplet of Kitano solution on a SAM of MHA,
leading to oriented nucleation of calcite.
pH of this solution is 5.6−6.0 and [Ca2+] = 9 mM. The pH will increase over time
because of the degassing of CO2.
Diﬀusion of CO2 in a CaCl2 Solution (‘CO2 in’)
The second crystallization method (‘CO2 in’) is the one that has been used by Aizen-
berg et al.3,13 and is based on the precipitation of calcite by slow diﬀusion of CO2 in
a solution containing calcium ions. (NH4)2CO3 was used as a source for CO2, and
this has two major advantages: the CO2 diﬀusion is slow and the formation of NH+4
ions in the solution increases the pH and concomitantly the supersaturation of the
solution with respect to calcium carbonate. A 15 mM CaCl2 solution was used as a
source for Ca2+ ions. The reaction equations of this system are:
(NH4)2CO3(s) −→ 2NH3(g) + CO2(g) + H2O(l) (5.2)
NH3(g) + H2O(l)  NH+4(aq) + OH
−
(aq) (5.3)
2CO2(g) + 2H2O(l)  HCO−3(aq) + CO
2−
3(aq) + 3H
+
(aq) (5.4)
CaCl2(s) + H2O(l) −→ Ca2+(aq) + 2Cl−(aq) + H2O(l) (5.5)
Ca2+(aq) + CO
2−
3(aq) −→ CaCO3(s) (5.6)
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This gives the net equation:
(NH4)2CO3(s) + CaCl2(s) −→ CaCO3(s) + 2NH+4(aq) + 2Cl−(aq) (5.7)
although only a fraction of the intermediate reaction products participates in the
precipitation of calcium carbonate. Schematic drawings of the setups which are used
(NH4)2CO3
pH probe
Thermometer
CaCl2 (aq)
Thermostat bath
Sample
(a)
2 (aq)
3CaCO
(NH ) CO
4 2 3
CaCl
SAM
Au
Cr
Glass
(b)
Figure 5.2: (a) Schematic drawing of the customized setup for crystallization ac-
cording to the ‘CO2 in’ method. The temperature of the solution is kept constant
with a thermostat bath, and during the crystallization experiments the pH and
temperature are measured continuously. In order to prevent crystals to fall from
the solution on the sample, the substrates are placed with the SAM facing down-
wards. (b) Schematic drawing of the setup of the ‘CO2 in’ method as used by
Aizenberg et al.
for this crystallization method are shown in Figure 5.2. To compare our results with
those of Aizenberg et al. we have also used an experimental setup which is similar
to theirs (Figure 5.2(b)). In this setup, however, it is not possible to measure the pH
in situ. The results of crystallization experiments using both setups will be discussed
below.
Mixing of a CaCl2 Solution with a NaHCO3 Solution
The last method we used in this chapter is the crystallization of calcite by mixing
solutions of NaHCO3 and CaCl2 at diﬀerent concentrations (see Chapter 6 for values
of the concentrations). This experiment is carried out in a closed system containing
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a solution with carbonate ions (see Section 2.3.1 for a theoretical description of such
a system), where the total dissolved carbonate content (CT = [CO2] + [H2CO3] +
[HCO−3 ] + [CO
2−
3 ]) is equal to [NaHCO3] of the mixed solution. For such a system,
the initial driving force can be calculated using the equations from Section 2.3.1 and
equation 2.45, which gives:
∆µ
kBT
= ln
({Ca2+}{CO2−3 }
Ksp
)
= ln
(
fCa2+fCO2−3
[Ca2+][CO2−3 ]
Ksp
)
(5.8)
where:
[Ca2+] = [CaCl2] (5.9)
[CO2−3 ] = [NaHCO3]
({H+}2
K ′1K
′
2
+
{H+}
K ′2
+ 1
)−1
(5.10)
In all our experiments the temperature is kept constant at 293K. A schematic drawing
of the setup used is shown in Figure 5.3. Both the CaCl2 and the NaHCO3 solutions
are thermostated at 293K before mixing. The dissolved CO2 (from air) in the CaCl2
solution is removed by bubbling it with N2 for about 1.5 hrs until the pH ≥ 7, which
is measured in situ.
pH probe
Thermometer
CaCl2 (aq)
Thermostat bath
Sample
N
a
H
C
O
3
 (
a
q
) 
Figure 5.3: Setup for the crystallization of calcite by mixing two solutions. The
pH, and the temperature are measured in situ.
The SAMs were constructed by placing gold ﬁlms, which were evaporated on a
freshly cleaved mica substrate, into a 0.1 mM solution of MHA in ethanol for 1 hour
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at 55◦ C. The samples were subsequently rinsed with ethanol to remove the unbound
thiols and with nanopure water to remove the ethanol. In this section, in order to
be able to compare the diﬀerent crystallization techniques, only SAMs of MHA have
been used. The crystals on all samples were grown for about 15 hours and then rinsed
with nanopure water to remove residual ions from the solution.
5.1.2 Results and Discussion
A general result of the experiments is that all crystallization methods lead to {012}
oriented, epitaxially nucleated calcite crystals. All samples have been studied with
X-ray diﬀraction and SEM using the same methods as discussed in Chapter 4 and
therefore we will not show the data again. Although the X-ray data are similar for
all three methods, diﬀerences were observed in the size and the shape of the crystals,
which can only be observed with SEM. The SEM data shown below also revealed a
diﬀerence in nucleation density.
Kitano Method
Although the results for the Kitano solution have already been discussed in Chapter 4
we will present them here again to be able to compare them with the other two meth-
ods. In Figure 5.4, SEM images of calcite crystals grown from the Kitano solution
are shown. The crystals have a size ranging from 10−15 µm and are elongated in the
(a) (b)
Figure 5.4: SEM images of calcite crystals grown using the Kitano method. Mag-
niﬁcation (a) 1000× (b) 800×.
lattice matching calcite <100> direction. Although the in-plane orientation is not
directly obvious from these SEM images, it is present, which is in agreement with the
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results of Chapter 4. The pH of the droplet of the Kitano solution could not be mea-
sured in situ, but it is known that the starting pH= 5.6−6.0, with [Ca2+] = 9 mM.
From the experiments described in Chapter 6 it was concluded that at a driving force
of ∆µ/kBT = 5.5 epitaxial nucleation takes place. When the theory for solutions
containing carbonate ions in contact with air is applied (see Section 2.3), the result-
ing pHmax-value of this supersaturated solution can be estimated. This pHmax-value
amounts to about 8.5−9.0, which is more or less the same pHmax-value as was ob-
served when the other crystallization methods were used.
Diﬀusion of CO2 in a CaCl2 Solution (‘CO2 in’)
The ‘CO2 in’ method has been applied using two diﬀerent setups, one in which the
pH could be measured in situ, the other being similar to the setup used by Aizenberg
et al. (See Figure 5.2(b)). The reason that the latter setup has also been used is that
its geometry appeared to have an eﬀect on the nucleation density. This can be clearly
seen when the SEM images in Figure 5.5 are compared to those in Figure 5.6. The
SEM images of Figure 5.5(a) and Figure 5.5(b) show typical nucleation densities of
calcite crystals grown using our customized setup and Figure 5.6(a) and Figure 5.6(b)
show typical nucleation densities of calcite crystals when using the setup similar to the
one of Aizenberg et al. This diﬀerence in nucleation density was observed for many
diﬀerent samples that were nucleated with our customized setup when compared to the
setup used by Aizenberg. A possible explanation for this phenomenon is a diﬀerence
in geometry of the two setups. The volume of the gas phase in our customized setup
is signiﬁcantly smaller than in Aizenberg’s setup and the volume of the liquid is
about 10× larger. Furthermore, the sample holders are slightly diﬀerent in shape
which might aﬀect the diﬀusion and convection in the setup. For both setups the
size of the crystals is the same, ranging from 30−50 µm. These crystal sizes are
signiﬁcantly larger than those of crystals grown from the Kitano solution, which
might be a result of faster growth rates or the larger volume (more ions available) of
the crystallization setup of the ‘CO2 in’ method. As was also observed in the results
of the Kitano method, the crystals are elongated in the calcite <100> direction, but
in a less pronounced way.
In the customized setup the pH was measured in situ during the crystallization
process (Figure 5.7). The initial pH of about 7.5 is reached by bubbling the CaCl2
solution with N2 to remove any dissolved CO2.a Upon opening the cover of the
container with (NH4)2CO3, the pH initially drops because of dissolution of CO2 from
the air and from the (NH4)2CO3, but it then rises rapidly because of the dissolution
of NH3 in the CaCl2 solution to a value of pHmax= 9.8−10.0 whereafter it decreases
slowly over time. This decrease in pH is caused by the formation of H+ when HCO−3
aThe initial pH in Figure 5.7 is 8.5 and this is probably due to a leak in the cover of the container
with (NH4)2CO3, leading to a higher pH. This leak is almost unavoidable but it does not change
the ﬁnal results of the experiment.
66 Inﬂuence of Crystallization Method and Thiol Chain Length
(a) (b)
Figure 5.5: (a) and (b) SEM images (magniﬁcation 400×) of calcite crystals
grown using the ‘CO2 in’ method with our customized setup in which the pH can
be measured in situ.
(a) (b)
Figure 5.6: (a) and (b) SEM images (magniﬁcations 300× & 200×) of calcite
crystals grown using the ‘CO2 in’ method with a setup similar to the one used by
Aizenberg et al.
is converted to CO2−3 upon the precipitation of CaCO3 and does not occur in the
beginning because the solution is then undersaturated with respect to NH+4 ions.
The small dips and peaks in the pH curve are not reproducible and might be due
to errors in the pH measurements or ﬂuctuations caused by convection or diﬀusion
gradients.
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Figure 5.7: pH as a function of time during precipitation of the ‘CO2 in’ method
in our customized setup. The maximum pH value (pHmax= 9.967) corresponds to
the pH at maximum supersaturation and is signiﬁcantly higher than the pHmax
of the mixing method.
Mixing of a CaCl2 Solution with a NaHCO3 Solution
The SEM images of calcite crystals obtained by the third crystallization method are
shown in Figure 5.8. From these images it can be seen that the size of the crystals
(a) (b)
Figure 5.8: SEM images of calcite crystals grown from a mixed solution of
NaHCO3 and CaCl2. Magniﬁcation (a) 300× (b) 300×.
ranges from 30−50 µm and they are therefore comparable to the size of the calcite
crystals obtained by using the ‘CO2 in’ method. However, in this case the crystals are
generally less elongated in the calcite <100> direction. The cause of the elongation
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of the crystals will be discussed in detail in Chapter 7.
During the crystallization experiments the pH was measured in situ. (Figure 5.9)
Before addition of the NaHCO3 solution, the CO2 in the CaCl2 solution was removed
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Figure 5.9: pH as a function of time during the precipitation process of calcite
using the the mixing method. The pHmax= 8.799 corresponds to the pH at
maximum supersaturation.
by bubbling it with N2 until the pH ≥ 7. In some of the experiments, however, the
pH remained low (approximately 5.5−6.0) which shows that in some cases it was
diﬃcult to remove all the CO2. The results from these experiments were the same as
those that started with a pH ≥ 7. The reason why the bubbling was carried out is
to calculate the supersaturation more precisely, but apparently any remaining CO2
from the CaCl2 solution does not eﬀect the nucleation of calcite on the SAM. Upon
addition of the NaHCO3 solution, the pH increased immediately until a pHmax-value
of 8.799 ± 0.002 was reached, whereafter it decreased slowly. This decrease is again
attributed to the formation of H+ ions upon precipitation of CaCO3, similar to what
was observed when using the ‘CO2 in’ method.
5.1.3 Discussion and Conclusions
The X-ray (data not shown in this chapter) and the SEM results clearly show that all
three crystallization methods lead to the formation of {012} oriented calcite crystals
that are epitaxially nucleated on the SAM of MHA. First we will discuss the implica-
tions of these results with respect to the discussion and conclusions of Chapter 4.1,2
Aizenberg et al.3 initially reported that on a SAM of MHA on Au(111), calcite {015}
nucleation was preferred and on a SAM of MHA on Ag(111) calcite {012} nucleation.
This diﬀerence was attributed to a diﬀerence in the tilt angle for alkane thiols on
Au(111) and Ag(111) that corresponded to the diﬀerence in the angle between the
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carbonate ions in the two diﬀerent calcite orientations. However, in a more recent
publication6 this conclusion was changed stating that SAMs of MHA on Au(111)
lead to nucleation on the {01l} plane with l=2−5, which shows that the diﬀerence
in the tilt angle of the thiols is not alone responsible for the diﬀerence in nucleation
face. This variation in nucleation face is sometimes present in our results as well but
> 90% of our crystals adopt a {012} orientation. The diﬀerence in orientation is
likely a result of using diﬀerent substrates for the Au(111) ﬁlms. The extremely ﬂat
single crystals of mica lead to ﬂat, highly oriented Au(111) ﬁlms that mainly result
in {012} oriented nucleation of calcite, while the Au(111) ﬁlms of Aizenberg were
evaporated on silicon with a chromium adhesion layer. This resulted in the formation
of a polycrystalline Au(111) ﬁlm where the grains have no in-plane orientation.
Clearly, the degree of ionization of the SAM is not an essential parameter to
explain the diﬀerences between our results and those of Aizenberg et al. However, the
question remains open whether the degree of ionization plays a role at all. The in situ
pH measurements that we performed have shown that the solution pH ranges between
6 and 10 during the crystallization experiments. Although the pKa-value of a SAM of
MHA strongly depends on the smoothness of the Au(111) ﬁlms, it is unlikely that it
is not ionized at all at a solution pH of 9−10. The maximum reported pKa-value for
this SAM is 10 for extremely smooth Au(111) ﬁlms9 that were obtained by cleaving
the mica from the gold ﬁlm and using the backside of the ﬁlm. In our experiments
we used the front side of the ﬁlm which is less smooth than the back side and this
will result in a lower pKa-value.
The pH of the crystallization solution is not constant over time and this might
result in a changing ionization degree of the SAM. It is very likely that these changes
have an inﬂuence on the interfacial energy between the calcite {012} face and the
SAM. Therefore the eﬀect of the pH is a double one, since the supersaturation of
the solution depends on the pH as well. A higher ionization degree will lead to a
lower interfacial energy due to electrostatic attraction between the negatively charged
SAM and the positively charged Ca2+ ions. A lower interfacial energy will lower the
nucleation barrier and therefore a higher pH will lead to a lower nucleation barrier.
This combined eﬀect will be discussed in detail in Chapter 8 and the thermodynamics
and kinetics of nucleation will be discussed in detail in Chapter 6.
5.2 Role of the Thiol Chain Length
In the second part of this chapter the eﬀect of the orientation of the carboxylic acid
endgroup of the thiol on the nucleation of calcite is investigated. The ﬁrst paper by
Aizenberg et al.3 discusses the eﬀect of the orientation of the functional groups of the
SAMs on the orientation of the carbonate groups in the calcite crystal. They observed
at that time that the same thiol molecule on two diﬀerent substrates (Au(111) and
Ag(111)) led to the nucleation of a diﬀerent calcite face. The diﬀerence between the
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SAMs on these two substrates is the tilt angle between the thiol molecules and the
substrate. In the case of MHA, this diﬀerence in tilt angle was correlated to the
diﬀerence in orientation of the carbonate ions for the various nucleation faces of the
crystals. Furthermore, from a molecular picture of the structures of the SAM and
the calcite crystals an almost parallel orientation between the carboxylate groups and
the carbonate ions was noticed, which might be the origin for a preferred orientation
by a stereochemical match. However, there is still no experimental evidence for this
assumption. In the discussion of the previous section we already discussed that the
variation in the tilt angle of thiol molecules on various substrates does not explain
the diﬀerences in nucleation behavior of calcite. However, the question whether the
orientation of the functional group is of importance remained open until a recent
paper of Aizenberg et al.6 appeared in which the orientation of the carboxylic acid
endgroups was varied by using the so-called ‘odd-even eﬀect’. This eﬀect was noticed
by us at the same time and, although not yet published, we will discuss the results
of these experiments and compare them to those obtained by Aizenberg. It will be
shown that sample preparation is a key factor in determining the orientation of the
functional endgroups of the thiols.
5.2.1 ‘Odd-even Eﬀect’ in SAMs as a Tool to change the Orientation of
Functional Groups
Basically, the diﬀerence in orientation of the carboxylic acid endgroups in thiol-based
SAMs is a result of the ﬁxed orientation of the S−C bond and the backbone of the
thiol, resulting in the case of an odd or even chain length (for the 0 K structure
in vacuum) in two distinct orientations of the functional groups (see Figure 5.10).
Hence, when it is assumed that the orientation of the functional group is of impor-
tance to determine the nucleation plane of calcite, this diﬀerence in functional group
orientation is expected to cause a diﬀerence in orientation of the calcite crystals that
are nucleated. The results from Aizenberg et al. have indeed shown that this assump-
tion is correct, since a preferred {01l} (l=2−5) orientation on SAMs of thiols with
even chain length on Au (111) and a preferred {11l} (l=3−9) orientation on SAMs
of thiols with odd chain length on Au(111) was observed. In order to obtain not only
the preferred nucleation plane but also the in-plane orientation of the calcite crystals
on SAMs of thiols with odd chain length, we have performed similar crystallization
experiments using these SAMs as have been described in the previous chapter for a
SAM of thiols with even chain length.
5.2.2 Results and Discussion
The odd-even eﬀect was investigated by using the ‘CO2 in’ method, because of its con-
venience. The samples were prepared according to two diﬀerent methods, because pre-
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Odd (MPA)
Even (MHA)
Figure 5.10: Calculated molecular models of 16-mercaptohexadecanoic acid
(MHA, even) and 15-mercaptopentadecanoic acid (MPA, odd) molecules in their
orientation in a SAM on a Au(111) substrate. The last C−C bonds of these mole-
cules clearly have a diﬀerent orientation with respect to the Au[111] axis. The
carboxylic acid endgroup, however, can rotate freely around this last C−C bond
so that the angles between the functional groups are not ﬁxed.
liminary results showed that the monolayers of thiols with even and odd chain length
behave diﬀerently when exposed to water without Ca2+ ions, and are subsequently
placed in a container with a CaCl2 solution. The crystallization procedure is described
in Section 3.1.2 and in Section 5.1. Both methods were carried out for at least three
samples, for each SAM and repeated to conﬁrm the results. To compare the results
for thiols with odd and even chain length we have used two thiols with even chain
length (16-mercaptohexadecanoic acid (MHA) and 8-mercaptooctanoic acid (MOA))
and two thiols with odd chain length (15-mercaptopentadecanoic acid (MPA) and
11-mercaptoundecanoic acid (MUA)). MHA and MUA can be commercially obtained
(Aldrich) and MPA and MOA were synthesized according to the protocol described
in appendix B.
Method 1 The SAMs were prepared by placing a 100 nm thick Au(111) ﬁlm, evap-
orated on mica, in a micromolar thiol solution in ethanol p.a. for at least one
hour. The SAMs were rinsed with ethanol (3×), rinsed with nanopure water
(3×), and placed in a 15 mM CaCl2 solution.
Method 2 The SAMs were prepared by placing a 100 nm thick Au(111) ﬁlm, evap-
orated on mica, in a micromolar thiol solution in ethanol p.a. for at least one
hour. The SAMs were rinsed with ethanol (3×), dried with N2, and placed in
a 15 mM CaCl2 solution.
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The essential diﬀerence between the two methods is the sample preparation step in
which the SAMs are rinsed with nanopure water.
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Figure 5.11: (a) Calcite orientations as found with θ/2θ XRD scan for SAM of
MHA (C16) for a crystallization carried out according to Method 1. (b) Idem, for
a SAM of MPA (C15). (c) Idem, for SAM of MOA (C8). (d) Idem, for a SAM of
MUA (C11).
The powder XRD results of calcite crystals grown on the four diﬀerent monolayers
using Method 1 are summarized in Figure 5.11. The results from the θ/2θ scans
clearly reveal that SAMs of thiols with even chain length lead to {012} oriented calcite
nucleation which is in accordance with the results described in Chapter 4. In contrast,
SAMs of thiols with odd chain length lead in most cases to random nucleation and
only sometimes (3 out of 18 samples) to oriented {012} orientation. These results are
in clear contradiction with the results of Aizenberg et al., who reported that SAMs
of thiols with odd chain length lead to {11l} oriented calcite nucleation.6
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To conﬁrm the powder XRD measurements, SEM images that show the typically
observed results for these SAMs were recorded (Figure 5.12). They also show a
(a) (b)
(c) (d)
Figure 5.12: (a) SEM image of calcite crystals that were nucleated on a SAM of
MHA (C16) for a crystallization carried out according to Method 1 (b) Idem, for
a SAM of MPA (C15) (c) Idem, for SAM of MOA (C8) (d) Idem, for a SAM of
MUA (C11)
distinct diﬀerence in nucleation behavior between SAMs of thiols with odd and even
chain length. In addition the nucleation density for SAMs of thiols with even chain
length is clearly much higher than for SAMs of thiols with odd chain length. This
is in agreement with the modelling results of Section 5.3 which predict a diﬀerent
interfacial energy for SAMs of thiols with odd and even chain length, leading to a
lower nucleation density of calcite crystals on SAMs of odd thiol chain length. This
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eﬀect is discussed in detail in Section 6.2.5 where the kinetics and thermodynamics
of the nucleation of calcite on SAMs are described.
Although the sample preparation for the SAMs using Method 2 is only slightly
diﬀerent, the results for calcite crystals nucleated on a SAM of 11-mercaptoundecanoic
acid (MUA) are totally diﬀerent from the results obtained by using Method 1. A θ/2θ
scan of the calcite crystals nucleated on a SAM of MUA prepared using Method 2 is
shown in Figure 5.13. It is clear from this θ/2θ scan that the calcite crystals nucleate
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Figure 5.13: Powder XRD results. (a) X-ray diﬀraction patterns of mica +
Au(111) + oriented calcite nucleated on a SAM of MUA as prepared by Method 2.
The samples were rotated around the surface normal axis during the measure-
ments. The indices in the θ/2θ scan represent the calcite crystal planes that are
parallel to the SAM. (b) X-ray diﬀraction patterns of mica and calcite powder.
The solid lines represent the peak heights and positions of an ideal calcite powder
(diﬀraction indices for calcite are given in the θ/2θ scan) and the peaks belonging
to the mica and the gold were obtained by measuring a mica sample with a bare
gold ﬁlm.
preferentially on the {113} and {116} calcite faces. The existence of a mica peak
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that overlaps with the {110} calcite peak position makes it impossible to estimate the
contribution of this orientation. Furthermore, it is diﬃcult to measure the intensity of
the calcite {113} peak with respect to the ideal powder intensity, since this peak arises
from the strong Au(111) background signal. However, when compared to the relative
intensities of the calcite peaks in an ideal powder, the intensity of the peak that is
visible through the background indicates that more than 50% of the calcite crystals
have the {113} orientation, which is conﬁrmed by optical micrographs (see Chapter 4
for a detailed discussion of this method). The selectivity of the substrate is less
than in the case of SAMs of thiols with even chain length, where nearly 100% of the
crystals have a preferred orientation. By using the sample preparation of Method 2,
the nucleation of calcite on SAMs of thiols with even chain length gave rise to {012}
oriented epitaxial nucleation of calcite. Therefore the sample preparation method has
no inﬂuence on SAMs with thiols of even chain length.
The nucleation behavior observed for SAMs of thiols with odd chain length for
both methods are not very reproducible. SAMs of thiols with odd chain length gave
rise to many diﬀerent results that were rarely reproduced, although only when method
2 was used the formation of {11l} peaks occurred.
5.2.3 Conclusions
The striking diﬀerence between the reproducibility of the results for SAMs of thiols
with even and odd chain length on the nucleation of calcite reveals that the inﬂuence
of the thiols is very subtle. In the case of SAMs of thiols with even chain length
the sample preparation did not exert any inﬂuence. A possible explanation for these
results could be that the structure of the functional groups in the case of SAMs
of thiols with even chain length is more stable (more hydrogen bonds between the
carboxylic acid groups of the thiol molecules because of their orientation which is
favorable for hydrogen bonds) than in the case of SAMs of thiols with odd chain
length. When the recently reported measurements of two diﬀerent pKa-values for
carboxylic acid terminated SAMs are taken into account it might be the case that
SAMs of thiols with even chain length have a higher upper pKa-value than SAMs of
thiols with odd chain length. Therefore it is possible that in the case of SAMs with
thiols of odd chain length the contact with water creates a disorder in the orientation
of the functional groups that is not reversed by the adsorption of Ca2+ ions. This
disorder is not created in the SAMs of thiols with even chain length because they
have suﬃcient hydrogen bonds within the SAM to prevent a disordering caused by
water molecules. When the SAM is blown dry and inserted in the CaCl2 solution, the
Ca2+ ions prevent the functional groups from becoming disordered because they have
been shown to stabilize the ordering of COOH groups in SAMs.8 More experiments
to investigate the structure of the SAMs under diﬀerent conditions will have to be
carried out to conﬁrm these hypotheses.
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5.3 Molecular Modelling of Carboxylic Acid Terminated SAMs
Although it is diﬃcult to measure the orientation of the functional groups in diﬀerent
environments, molecular modelling might provide useful results with respect to the
orientation and ordering of the functional groups in contact with water and water con-
taining Ca2+ and HCO−3 ions. This section will describe the ﬁrst results of molecular
modelling on these systems.
The work presented in this section has been performed by D. Duﬀy and J. Harding
from University College London, UK. Their molecular modelling simulation methods
have been published elsewhere,14–16 but the results that are presented here are un-
published and obtained in a joined eﬀort to reveal the mechanism of the odd-even
eﬀect.
The structures in Figure 5.10 suggested that the orientation of the COOH end-
groups for thiols with odd and even chain length at 0 K in vacuum is signiﬁcantly
diﬀerent. To verify this hypothesis in a realistic environment, molecular modelling
of the structure of the SAMs in the presence of water and water containing Ca2+
and HCO−3 ions has been performed. A model with periodic boundary conditions has
been used consisting of 25 thiol molecules (5×5). The modelling calculations were
started with thiol molecules arranged in the R30◦(
√
3×√3) structure. Two diﬀerent
thiols were studied, MHA to simulate the structure for thiols with even chain length
and MPA for thiols with odd chain length. The simulations were run in vacuum at
2 K to let the rigid equilibrium structure relax and to take into account intermolecu-
lar interactions without the inﬂuence of a solvent. Several monolayers of water were
added to the resulting structure and the simulation was run again at 300 K. The
addition of water was repeated, but then with several monolayers of water containing
Ca2+ and HCO−3 ions. The reason that the molecular modelling is performed with
HCO−3 ions instead of CO
2−
3 ions is, that at the experimental conditions with pH =
8−9, the fraction of HCO−3 ions is much larger than the fraction of CO2−3 ions (see
Chapter 2). Since the molecular orientations that resulted from these calculations
were rather unstructured, statistics have been performed by measuring the angle (θ)
of the upper C−C bond of the thiol molecule with the Au[111] axis. These angles
represent the orientation of the COOH endgroups and are a measure of the ordering
of the SAM.
5.3.1 Simulation at 2K in vacuum
The diﬀerence in θ in the R30◦(
√
3 × √3) structure in vacuum at 0 K is rather
large (67◦) but almost disappears when the simulation is run at 2 K in vacuum.
The results for this ﬁrst simulation are given in Figure 5.14. Figure 5.14(b) shows
the distributions in orientation of the upper C−C bonds and it is clear that the
distributions corresponding to the thiols with odd and even chain length display a
signiﬁcant overlap. The preferred orientation (peak maximum) of the thiols with odd
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Figure 5.14: (a) Structure of a SAM of MPA at 2K with the R30◦(
√
3×√3) struc-
ture. The intermolecular hydrogen bonds change the orientation of the COOH
group mostly by rotating it around the last C−C bond. (b) Statistics of the orien-
tation of the upper C−C bond in SAMs of thiols with odd and even chain length.
θ is the angle between the last C−C bond and the Au[111] axis.
chain length is much closer to the preferred orientation of thiols with even chain length
than the diﬀerence of 67◦ resulting from the 0 K structure. A possible explanation for
this phenomenon is the formation of hydrogen bonds between the COOH endgroups.
These bonds are not taken into account in the 0 K structure since that structure is
based on the measured equilibrium structure of methyl terminated thiols.17 It is very
well possible that the ﬁnal orientation of the COOH groups is much more determined
by these intermolecular interactions than by the structure that is imposed by the thiol
orientation in a SAM.
5.3.2 Simulation at 300K with water
In the next step of the simulation several monolayers of water molecules were added
in order to investigate the inﬂuence of this solvent on the orientation of the functional
groups. The results, which are shown in Figure 5.15, show that the addition of water,
in combination with the increase in temperature, leads to a strong disorder in the
orientation of the functional groups, which is clear from the distribution proﬁles in
Figure 5.15(b). In fact, the average diﬀerence in orientation of the functional group
of thiols with odd and even chain length has almost completely disappeared. The dis-
tributions in the orientation of the upper C−C bonds have become very broad, which
might be attributed to the disruption of intermolecular hydrogen bonds between the
COOH groups, resulting in a disordered structure of the thiol endgroups. The inclu-
sion of water molecules between the COOH groups is a phenomenon that has to be
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Figure 5.15: (a) Structure of a SAM of MPA at 300 K with the R30◦(
√
3×√3)
structure with several monolayers of water. (b) Statistics of the orientation of the
upper C−C bond in SAMs of thiols with odd and even chain length in contact
with several monolayers of water.
taken into account as well since the structure of the SAM as shown in Figure 5.15(a)
reveals that some water molecules are placed between the COOH groups instead of
above the SAM. Both these phenomena could provide an explanation for the diﬀer-
ence in the nucleation of calcite observed with the two diﬀerent sample preparation
methods. However, the simulation suggests that similar results in nucleation behavior
should be observed for thiols with odd an even chain length, which is not in agree-
ment with the experimental results. It is, however, very diﬃcult to include subtle
diﬀerences occurring during the sample preparation in the simulation and therefore
its accuracy is not suﬃcient enough to draw any reliable conclusions on these eﬀects.
The only statement that the modelling results allow us to make is that the addition
of water to a SAM with COOH endgroups at room temperature leads to a disordering
in their structure compared to their structure in vacuum at 0 K.
5.3.3 Simulation at 300K with water, Ca2+ and HCO−3 ions
X-ray reﬂectivity measurement have furthermore shown that Ca2+ ions form a mono-
layer without any long range order on top of the SAM.8 In Figure 5.16(a) it can be
seen that the modelling results predict a similar behavior of the Ca2+ ions. From
X-ray measurements it is furthermore known that the addition of Ca2+ ions stabilizes
the structure of the COOH groups of thiols in a SAM of MHA.8 This was conﬁrmed
by the modelling calculations, which show that the distribution in the upper C−C
bonds of the thiol molecules with even chain length display a smaller peak width
than when no Ca2+ ions are present (see Figure 5.16(b)). The peak around θ = 25◦ is
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Figure 5.16: (a) Structure of a SAM of MPA at 300 K with the R30◦(
√
3×√3)
structure with several monolayers of water, Ca2+ and HCO−3 ions. (b) Statistics
of the orientation of the upper C−C bond in SAMs of thiols with odd and even
chain length in contact with several monolayers of water, Ca2+ and HCO−3 ions.
relatively close to the orientation of the CO2−3 ions in the calcite lattice of the {012}
plane (27◦ with the normal to the substrate). This indicates that the alignment be-
tween the COOH groups and the CO2−3 ions might be of importance in the induction
of {012} oriented nucleation.
5.3.4 Kinetic Preference for {012}−{015} instead of {001} Orientation
As has been brieﬂy discussed in Chapter 4, the hexagonal lattice of SAMs in com-
bination with the attraction of Ca2+ ions that form a monolayer on ionized SAMs8
suggests that the {001} face is preferentially nucleated on SAMS instead of the {012}
face. In Figure 5.17 the bulk structures of three diﬀerent nucleation planes of calcite
are shown: the {001} oriented calcite, which has the best match with the substrate,
and the experimentally observed {012} and {015} orientations. The obvious diﬀer-
ence between those orientations is the angle of the CO2−3 with the normal to the
substrate. In the {001} case this angle is 90◦, while for the {012} and {015} faces
these angles are 27◦ and 52◦ respectively. It is of interest to use the molecular mod-
elling results to explain the preference for {012} oriented nucleation of calcite. In the
presence of water, Ca2+ and HCO−3 ions the distribution of the orientations of the
carboxylic acid groups is rather broad, but a fully ionized SAM in such a solution
leads to the formation of a relatively ordered layer of HCO−3 ions on top (see Fig-
ure 5.18). These results clearly show that the HCO−3 ions form an angle with the
substrate normal that ﬁts relatively well with the angle of the CO2−3 ions in the {012}
and {015} faces respectively. A large fraction of the HCO−3 ions has an angle with
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Figure 5.17: Side views of calcite slabs viewed in the direction parallel to the
plane of the CO2−3 ions with diﬀerent orientations. (a) {001} Oriented calcite (b)
{015} Oriented calcite, where the angle between the CO2−3 ions and the substrate
normal is 52◦. (c) {012} Oriented calcite, where the angle between the CO2−3 ions
and the substrate normal is 27◦.
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Figure 5.18: (a) Structure of a SAM of MPA at 300 K with the R30◦(
√
3×√3)
structure, with several monolayers of water, Ca2+ and HCO−3 ions. The water
molecules are not shown for clarity. (b) Statistics of the orientation of the HCO−3
ions on top of SAMs of thiols with odd and even chain length in contact with
several monolayers of water, Ca2+ and HCO−3 ions. The angles θ are measured
between the plane of the HCO−3 ion and the Au[111] axis. The mean values
for these angles θ are 26.9◦ and 26.3◦ for thiols of even and odd chain length,
respectively.
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the substrate normal that is smaller than 50◦. The release of a proton of the HCO−3
ions, simultaneously with the proximity of Ca2+ ions from the solution could, in this
way, trigger the nucleation of {012} or {015} oriented calcite. The formation of {001}
oriented calcite crystals, however, would require the HCO−3 ions to release a proton
and change orientation. This change in orientation is hindered by its neighboring
ions as a result of the relatively dense packing of the HCO−3 ions, and is therefore
probably kinetically unfavorable. This might explain the kinetic preference for the
formation of {012}−{015} oriented calcite crystals. It is therefore of great interest to
conﬁrm this hypothesis with in situ measurement of the orientations of the HCO−3
ions on top of the SAM.
5.4 General Conclusions
The results described in this chapter have shown that the nucleation of calcite on
SAMs does not strongly depend on the crystallization technique used. Although the
crystallization techniques do not fundamentally change the system, there are some
subtle diﬀerences. The nucleation density and the shape of the crystals are aﬀected
by the experiment, and in case these are important parameters, care has to be taken
to choose the proper technique for a speciﬁc application.
Although the crystallization technique is not of crucial importance, the type of
monolayer can have a dramatic inﬂuence on the nucleation behavior, as has been
clearly demonstrated by the results of the ‘odd-even’ eﬀect. Some samples (such as
the SAMs of thiols with even chain length) are rather robust and give reliable and
reproducible results. Other samples (SAMs of thiols with odd chain length) are much
more sensitive to small deviations in the experimental conditions and errors occurring
during the sample preparation.
The main challenge will be to obtain a better characterization of the mono-
layer/crystal interface and to investigate what is the actual orientation and ordering
of the organic layer and the ﬁrst inorganic layers. Is there something like a mutual
assembly, where both systems inﬂuence each other? One can also think of an exper-
iment in which the ordering of the ﬁrst layers of the inorganic phase can be studied
during the nucleation experiment. Our initial approach was the use of scanning probe
techniques, but their time resolution and rather invasive nature prevented us from ob-
taining results. Optical and diﬀraction techniques will probably be more appropriate
to solve this problem, but it remains an experimental challenge to obtain reliable
results.
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CHAPTER 6
Thermodynamics of Epitaxial Nucleation of Calcite
The results of Chapters 4 and 5 have shown that the use of Self-Assembled Mono-
layers (SAMs) terminated with carboxylic acid groups results in epitaxial nucleation
of calcite. In the previous chapters we have explained these results in terms of a struc-
tural match between the substrate and the calcite crystals. In this chapter we focus
on thermodynamic and kinetic eﬀects that play a role in the preferred nucleation of
calcite on organic substrates. In Section 6.1 a theoretical description of nucleation
thermodynamics is presented and in Section 6.2 nucleation experiments that were
performed at well deﬁned driving forces are described, which give quantitative data
on the inﬂuence of SAMs on the nucleation of calcite. A description of experimen-
tal limitations and a discussion on approximations that were made are presented in
Section 6.3.
6.1 Equilibrium Thermodynamics of 3D Epitaxial Nucleation
In Section 2.4 we discussed the theory of homogeneous 3D nucleation, which is part
of the classical nucleation theory presented in many textbooks. More recent work has
been carried out on heterogeneous 3D nucleation on substrates taking into account
the structural match between the substrate and the cluster.1,2 A general concept of
nucleation on a substrate is that the substrate provides an interface with the crystal
that can result in a lower surface free energy of the latter, which leads to a lower
Gibbs free energy resulting in a lower nucleation barrier, since in a nucleation event
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Figure 6.1: Gibbs free energy curves for homogeneous nucleation and hetero-
geneous nucleation clusters for clusters at a given driving force (∆µ/kBT ). For
heterogeneous nucleation, the inﬂuence of the substrate leads to a lower interfacial
energy. The result is that the critical cluster size (n∗) and the nucleation barrier
(∆G∗) become smaller.
there is always a competition between bulk and surface free energy (see Chapter 2).
To illustrate the eﬀect of a lower surface free energy on the nucleation barrier we
have plotted in Figure 6.1 the Gibbs free energies of two diﬀerent clusters. One
only in contact with the solution (homogeneous nucleation) and the other in contact
with both the solution and the substrate (heterogeneous nucleation). It is obvious
from this graph that both the critical cluster size (n∗) and the nucleation barrier
(∆G∗) are smaller for heterogeneous nucleation than for homogeneous nucleation.
Consequently, a higher driving force is needed to achieve homogeneous nucleation
than heterogeneous nucleation, cf. Figure 2.6 of Section 2.4, which shows that the
nucleation barrier depends on the driving force.
A lower nucleation barrier for heterogeneous nucleation compared to homogeneous
nucleation leads, for a given driving force, to a higher nucleation rate for heterogeneous
nucleation. This is the reason for the the very selective nucleation of calcite on its
{012} face on SAMs. The lower value of the nucleation barrier is the result of a match
between the organic groups of the SAM and the calcite lattice, as has been discussed
in Chapters 4 and 5. To calculate this value it is necessary to quantify the relationship
between the surface and the interfacial energies that are involved. This is possible
since in classical heterogeneous nucleation theory it is assumed that the relationship
between the homogeneous and heterogeneous nucleation barrier is only a function of:
• The ratio (m) between the interfacial energy and the surface free energy
• The geometry of the system (volume, surface and interfacial area of the cluster)
In this section the theory needed to derive this relationship will be discussed. The
experimental results will be discussed in Section 6.2.
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To derive the classical heterogeneous nucleation theory that can be applied to
calcite crystals nucleating on a SAM we will consider both the case of spherical and
faceted clusters. The spherical case is easier from a mathematical point of view, but it
does not take into account surfaces and interfaces that exist on a real calcite crystal.
The faceted cluster is assumed to have the equilibrium morphology of calcite, though
this is unlikely for very small cluster sizes. Both models have their drawbacks and
advantages. By comparing the results for both approaches we will show that the
diﬀerence between the heterogeneous nucleation barriers for the spherical and faceted
case is rather small. This observation and the fact that the equations for the spherical
case are straightforward are probably the reason why most of the work on nucleation
thermodynamics assumes spherical clusters, even when there is little reason for such
an assumption.
The experimental approach of this paper concerns the measurement of the diﬀerent
threshold driving forces for heterogeneous nucleation (∆µhetr/kBT ) and homogeneous
nucleation (∆µhomo/kBT ) that lead to equal nucleation rates for both types of nucle-
ation. This is accomplished by preparing various solutions with well-deﬁned driving
forces, and by measuring the resulting types of nucleation that are observed after a
ﬁxed experimental time. The value of the ratio between the interfacial energy and
the surface free energy can be calculated when the nucleation rates are expressed as
a function of the threshold driving forces.
6.1.1 Spherical Clusters
When nucleation takes place at a substrate, the interfacial energy between the cluster
and the substrate has to be added to equation 2.49 and this gives:
∆G = −Vc
Ω
∆µ + γcfScf + (γsc − γsf )Ssc (6.1)
where Vc is the volume of the cluster, Sij is the area of the interface between phase
i and phase j, respectively, and Ω is the volume of the growth unit. The substrate is
labelled s, the cluster c and the ﬂuid f. Liu and Lim1 have treated this problem for
the general system of a substrate with a radius of curvature Rs and a spherical cluster
with radius r. In this thesis we will use their approach for spherical clusters, but only
for the limit of Rs → ∞, which is the case for a ﬂat substrate resulting in ψ = θ
(Figure 6.2). The ‘contact angle’ between the cluster and the substrate is called θ
and the angle ψ deﬁnes the angle at which position the intersection with the substrate
takes place. It is also possible to deﬁne the position of the intersection between the
spherical cluster and the substrate by the ratio of the surface and interfacial energies.
This results in:
msph =
γsf − γsc,012
γcf
≈ cos θ (−1 ≤ msph ≤ 1) (6.2)
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Figure 6.2: 3D heterogeneous nucleation of a spherical cluster. The surface and
interfacial free energies between the three phases determine the contact angle θ
and ψ deﬁnes the angle of the intersection between the spherical cluster and the
substrate surface. In the case of a ﬂat substrate ψ = θ.
where Young’s formula3 is used for contact angles depending on the interfacial energies
between three diﬀerent phases. This means that the situation of θ = 180◦(msph =
−1) corresponds to a spherical cluster that just touches the substrate (homogeneous
nucleation). The other extreme of θ = 0◦(msph = 1) corresponds to a sphere with an
inﬁnite radius that is just above the substrate. This does not correspond to a real
physical situation, but it can be compared to the case of complete wetting for liquids
on solid substrates.
The interfacial energy between the SAM and the calcite {012} face (γsc,012) can
be rewritten by using the Dupre´ equation:4
γsc,012 = γcf,012 + γsf − β012 (6.3)
where β012 is the adhesion free energy and is the work per unit area required to
separate the interfacial area of the calcite crystal from the substrate. This results in:
msph =
β012 − γcf,012
γcf
(6.4)
where β012 is the only parameter that depends on the substrate properties.
For a ﬂat substrate ψ = θ and the volume of the cluster Vc on the substrate can
be written as a function of r or n (the number of CaCO3 units in the cluster) and θ:
Vc = Ωn =
1
3
πr3(2 + cos θ)(1− cos θ)2 (6.5)
It should be remarked that n is used as a continuous variable, although it denotes the
discrete number of molecules in a cluster (see discussion in Section 6.3). There are
two relevant interfacial areas in this system, namely the interfacial area between the
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substrate and the crystal (Ssc) and the interfacial area between the crystal and the
ﬂuid (Scf ). These interfacial areas can be expressed as functions of θ and r or, using
equations 6.2 and 6.5, as functions of n and msph. This leads to:
Scf = 2πr2(1− cos θ) = 2n2/3
[
3Ω
√
2π
2− 3msph + m3sph
]2/3(
1−msph
)
(6.6)
Ssc = πr2(1− cos2 θ) = n2/3
[
3Ω
√
π
2− 3msph + m3sph
]2/3(
1−m2sph
)
(6.7)
By substituting equations 6.5− 6.7 in equation 6.1 and using equation 6.2 the nucle-
ation barrier ∆G∗ is found by requiring that:(
∂∆G
∂r
)
msph
=
(
∂∆G
∂n
)
msph
= 0 (6.8)
which results in:
∆G∗hetr =
16πγ3cfΩ
2
3∆µ2
(
2− 3msph + m3sph
4
)
(6.9)
for heterogeneous nucleation and from Section 2.4 we have:
∆G∗homo =
16πγ3cfΩ
2
3∆µ2
(6.10)
This results in:
∆G∗hetr
∆G∗homo
=
(
2− 3msph + m3sph
4
)
≡ f(msph) (6.11)
The critical cluster sizes are related to the nucleation barriers by the following rela-
tionship:2
∆G∗hetr
∆G∗homo
=
n∗hetr
n∗homo
= f(msph) (6.12)
which leads to:
n∗hetr = n
∗
homof(msph) =
32πγ3cfΩ
2
3∆µ3
f(msph) (6.13)
where we determined n∗homo by substituting equation 6.10 in equation 6.1 and using
equation 6.5.
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The nucleation rate (number of nucleation events per second) is given by:5,6
J = A exp
(
∆µ
kBT
)
exp
(
−∆G
∗
kBT
)
(6.14)
where the pre-exponential factor A depends on many parameters (see Section 6.3). In
our experiments the homogeneous and heterogeneous nucleation rates are compared
for diﬀerent values of the driving force in a ﬁxed experimental time. The threshold
driving forces for homogeneous (∆µhomo) and for heterogeneous (∆µhetr) nucleation
are obtained by measuring the lower limit of the driving force for homogeneous or
heterogeneous nucleation to occur after a ﬁxed experimental time. Under these con-
ditions, the nucleation rates for homogeneous and heterogeneous nucleation are equal
and this leads to:
Jhetr(∆µhetr)
Jhomo(∆µhomo)
= 1 (6.15)
Substituting equation 6.14 in this expression yields:
∆µhomo −∆µhetr = ∆G∗homo −∆G∗hetr (6.16)
where the pre-exponential factor A is assumed to be only slightly diﬀerent for the
homogeneous and heterogeneous nucleation rate.a Using these results together with
equations 6.10 and 6.11 the following expression for f(m) can be obtained:
f(msph) =
(
∆µhetr
∆µhomo
)2
− ∆µ
2
hetr (∆µhomo −∆µhetr)
Bs(kBT )3
(6.17)
where:
Bs =
(
16πΩ2
3(kBT )3
)
γ3cf (6.18)
For a given surface free energy γcf , with the help of equation 6.17, a value of f(msph)
can be obtained when ∆µhomo and ∆µhetr are measured. This yields a value of
msph and, therefore, a value of the ratio of the interfacial energy and the surface free
energy for the interaction between the calcite crystal and the substrate. The second
term on the right side of equation 6.17 is the result of the ﬁrst exponential factor in
equation 6.14. It is a small term (≈ 0.05) as a result of the large value of Bs for
surface free energies of calcite (≈ 100 mJ/m2).
aThe nucleation rate is mainly governed by the nucleation barrier, and therefore the driving
force ∆µ/kBT , which justiﬁes the assumption that the pre-exponential factors for homogeneous and
heterogeneous nucleation are almost equal and do not vary as a function of the driving force.
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6.1.2 Faceted Clusters
For faceted clusters the energy barrier for heterogeneous 3D nucleation is:
∆Ghetr = −VcΩ ∆µ +
∑
hkl
γcf,hklScf,hkl +
∑
hkl
(γsc,hkl − γsf )Ssc,hkl (6.19)
where γij,hkl is the interfacial energy between the phases i and j for the crystal
face with Miller indices hkl, and Sij,hkl is the corresponding area of the interface.
This equation implies that the nucleation takes place on one crystallographic face in
the case of a ﬂat substrate. This is an assumption that can be justiﬁed with the
argument that crystal faces have lower surface (hence interfacial) energies than non-
crystallographic orientations. To determine the shape of such a cluster, the Wulﬀ
h104
h012
h104
(012)
{104}
P mfac = 0
mfac = 1
mfac = -1
mfac = -1/3
mfac = 1/3
Figure 6.3: Calcite crystal with the {104} faces of the rhombohedron and a
(012) face at h012 = 0 and an arbitrary h012 value. The value of α equals
h012/h104 = 1.90 when the (012) face is placed at the lowest vertex of the rhombo-
hedron (mfac = −1), corresponding to homogeneous nucleation. P is the central
point of the rhombohedron from which the Wulﬀ distance is measured. The dashed
lines represent the values for mfac = 1/3 and mfac = −1/3, see also Figure 6.10.
relations can be used,7 and this gives for the Wulﬀ distance hhkl of the face (hkl) to
the origin P :
γcf,hkl = λhhkl (6.20)
for the crystal faces that are not in contact with the substrate, and:
γsc,hkl − γsf = λhint,hkl (6.21)
for crystal faces that are in contact with the substrate. λ is a constant which depends
on the absolute size of the crystal. The results in Chapter 4 showed that SAMs of
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carboxylic acid lead to epitaxial nucleation of calcite crystals on a {012} face. The
only faces that are in contact with the solution are the {104} calcite faces. With the
help of the Wulﬀ distances of these faces and the Dupre´ equation (equation 6.3), a
parameter (mfac) can be derived, analogously to equation 6.2, that corresponds to
a rhombohedron that just touches the substrate for the case of mfac = −1, and a
rhombohedron that has vanished in the substrate for the case of mfac = 1. This
derivation can be made by normalizing the ratio of the Wulﬀ distances to −1 ≤
mfac ≤ 1 with the help of a constant α. This results in:
mfac =
γsf − γsc,012
γcf,104
= − h012
αh104
(6.22)
where h104 is equal for all calcite {104} faces. The value of α = 1.90 (mfac = −1) is
derived from the computer generated shape of a calcite rhombohedron as is depicted
in Figure 6.3 (see Appendix C). The parameter mfac can now be used in the same
way as msph to derive a relationship between the heterogeneous and homogeneous
nucleation barrier analogously to equation 6.11. For that, the volume, surface and
interfacial area of the calcite crystal have to be expressed in terms of mfac and n.
The following deﬁnitions are used:
Vc = Ωn = AV (mfac)h3104 (6.23)
S104 = AS104(mfac)h
2
104 =
AS104(mfac)
A
2/3
V (mfac)
Ω2/3n2/3 (6.24)
S012 = AS012(mfac)h
2
104 =
AS012(mfac)
A
2/3
V (mfac)
Ω2/3n2/3 (6.25)
In appendix C the dimensionless shape constants for the volume of the calcite rhom-
bohedron (AV (mfac)), the {104} surface area (AS104(mfac)) and the {012} interfacial
area (AS012(mfac)) are given for diﬀerent values of mfac. When it is assumed that
all six h104 are equal, the parameter mfac only depends on h012.b The total free
energy of a calcite crystal with an {012} face on the substrate is now given by (cf.
equation 6.19):
∆Ghetr(n) = − n∆µ
+ n2/3
Ω2/3AS104(mfac)γcf,104
A
2/3
V (mfac)
[
1−mfacAS012(mfac)
AS104(mfac)
]
(6.26)
bEpitaxially nucleated crystals with an elongated shape have been observed on SAMS. For such
crystals the h104 values are not equal and therefore the value of mfac is not uniquely deﬁned for a
given crystal shape. This problem is discussed in detail in Section 7.1.2
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The nucleation barrier can again be found by requiring that:(
∂∆Ghetr(n)
∂n
)
mfac
= 0 (6.27)
and is given by:
∆G∗hetr(mfac) =
(
2
3
)3 Ω2
∆µ2
[γcf,104AS104(mfac)]
3
A2V (mfac)
[
1−mfacAS012(mfac)
AS104(mfac)
]3
(6.28)
The nucleation barrier for homogeneous nucleation, which can be found in a similar
way, is given by:
∆G∗homo =
(
2
3
)3 Ω2
∆µ2
[γcf,104AS104(−1)]3
A2V (−1)
(6.29)
and this gives for the ratio of the heterogeneous and homogeneous nucleation barrier:
∆G∗hetr
∆G∗homo
=
[
AV (−1)
AV (mfac)
]2 [
AS104(mfac)
AS104(−1)
]3 [
1−mfacAS012(mfac)
AS104(mfac)
]3
≡ F (mfac)
(6.30)
The number of growth units for the critical heterogeneous cluster is, with the help of
equation 6.12:
n∗hetr(mfac) = n
∗
homoF (mfac)
=
(
2
3
)3 Ω2
∆µ3
γ3cf,104A
3
S104
(mfac)
A2V (mfac)
[
1−mfacAS012(mfac)
AS104(mfac)
]3 (6.31)
and with the same arguments as for the spherical case the value of F (mfac) can be
found by the measurement of ∆µhetr and ∆µhomo:
F (mfac) =
(
∆µhetr
∆µhomo
)2
− ∆µ
2
hetr (∆µhomo −∆µhetr)
Bf (kBT )3
(6.32)
where:
Bf =
(
8Ω2
27(kBT )3
A3S104(−1)
A2V (−1)
)
γ3cf,104 (6.33)
To compare the functions F (mfac) and f(msph) both functions are plotted in
Figure 6.4. It can be seen that the behavior of both functions is more or less the same
for m  0.25, but for larger values of m the functions start to deviate. The value of
m = 1/3 corresponds to the intersection of the {012} face with three corners of the
rhombohedron (see Figure 6.3). Larger values of m result in a tetragonal shape that is
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Figure 6.4: Plot of f(msph) for spherical clusters and F (mfac) for faceted clusters
rather diﬀerent from a spherical shape. This explains the deviation from f(msph) and
F (mfac) for values of m larger than roughly 1/3. In contrast with the small diﬀerence
of f(msph) and F (mfac), the value of Bs is about four times smaller than the value of
Bf for γcf = γcf,104. This diﬀerence can be attributed to the larger surface to volume
ratio of a rhombohedron when compared to a sphere. The correction in the value of
F (mfac) as a result of the ﬁrst exponential factor of equation 6.14 is therefore even
smaller than for f(msph).
6.2 Nucleation of Calcite at Diﬀerent Driving Forces
As has been shown in Section 6.1, the relationship between the homogeneous and
heterogeneous nucleation barriers provides information about the interfacial energy
between the SAM and the calcite crystals. This information might be linked to a
structural match between the SAM and the crystals, thereby leading to a better in-
sight into the mode of controlled nucleation in biomineralization experiments. To
investigate the relationship between the nucleation barriers of homogeneous and het-
erogeneous nucleation, we have performed nucleation experiments as a function of
the driving force in order to determine the minimum driving forces needed to ob-
tain homogeneous and heterogeneous nucleation in a ﬁxed time. The experimental
procedures and the results are described below.
6.2.1 Experimental Introduction
The gold ﬁlms and the SAMs were prepared in the same way as described in Chapter 4.
For the nucleation experiments only 16-mercaptohexadecanoic acid (MHA) was used
as monolayer material. The samples were placed upside down in the nucleation vessel
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and were prepared just before the nucleation experiment. After 18 hours the samples
were taken out of the solution, carefully rinsed with nanopure water to remove any
residual ions, and then dried and stored in a dust free container.
A schematic drawing of the setup that was used is shown in Figure 6.5. The
pH probe
Thermometer
CaCl2 (aq)
Thermostat bath
Sample
N
a
H
C
O
3
 (
a
q
) 
Figure 6.5: Setup for the crystallization of calcite by mixing two solutions. The
pH, and the temperature are measured in situ.
crystallization method which we used in this chapter is the crystallization of calcite by
mixing solutions of NaHCO3 and CaCl2 at diﬀerent concentrations. This was carried
out in a closed system of a solution containing carbonate ions (see Section 2.3.1 for a
theoretical description of such a system), where the total dissolved carbonate content
(CT = [CO2] + [H2CO3] + [HCO−3 ] + [CO
2−
3 ]) is equal to [NaHCO3] of the mixed
solution. In all our experiments the temperature was kept constant at 293.0K and
the ionic strength was ﬁxed at 0.08 by adding NaCl to the CaCl2 solution. Both
the CaCl2 and the NaHCO3 solutions were thermostated at 293.0K before mixing.
The dissolved CO2 (from air) in the CaCl2 solution was removed by bubbling it with
N2-gas for about 1.5 hrs until pH ≥ 7, which was measured in situ. The removal
of dissolved CO2 is not necessary for the NaHCO3 solution, since its pH is so high
that no CO2(aq) is present. The pH will rise when the NaHCO3 solution is added to
the CaCl2 solution and the measured pHmax is used in the calculations of the initial
driving force, since it represents the point where [CO2−3 ] is maximal. The solutions
were mixed well in the beginning (over a period of less than 1 minute), but not stirred
or ﬂowed during the experiment because this leads to an uncontrolled precipitation
which does not give oriented calcite nucleation on the substrate. After the initial
rise of the pH (which occurs during the mixing) it will drop over time because the
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formation of CaCO3 leads to the formation of H+ ions. The driving force of this
solution decreases over time for two reasons: Ca2+ and CO2−3 ions are removed from
the solution during the precipitation of calcite, and the pH decreases which leads to a
smaller fraction of CO2−3 ions in the total dissolved carbonate content of the solution.
The initial driving force for crystallization can be calculated using the equations
from Section 2.3.1 and equation 2.45 giving:
∆µ
kBT
= ln
({Ca2+}{CO2−3 }
Ksp
)
= ln
(
fCa2+fCO2−3
[Ca2+][CO2−3 ]
Ksp
)
(6.34)
where:
[Ca2+] = [CaCl2] (6.35)
[CO2−3 ] = [NaHCO3]
({H+}2
K ′1K
′
2
+
{H+}
K ′2
+ 1
)−1
(6.36)
and:
K ′1 = K1
1
fHCO−3
K ′2 = K2
fHCO−3
fCO2−3
(6.37)
where K1 and K2 are the equilibrium constants at zero ionic strength which can be
found in the literature.8 fH2CO∗3 = 1 because the charge of this molecule is zero. The
value of Ksp for calcite is 10−8.54. This is the value at which the attachment and de-
tachment rates in a closed system at 293 K are equal, corresponding to ∆µ/kBT = 0.9
6.2.2 Experimental Results and Discussion
In Table 6.1, the activity coeﬃcients and the resulting driving forces are summarized
which have been calculated for each of the experiments that have been performed.c
It can be seen that upon lowering the concentration of NaHCO3 in the solution the
driving force drops more slowly than expected. This is caused by the fact that the
pHmax-value increases with lower [HCO−3 ], giving rise to a higher relative [CO
2−
3 ]. The
SEM images in Figure 6.6 show that a higher driving force leads to a higher nucleation
density. It is remarkable, however, that a higher driving force can be obtained from
solutions with a lower concentration of NaHCO3 and CaCl2. This eﬀect is entirely
due to the value of the pH, which was signiﬁcantly higher in the experiments with
lower concentrations. Possible reasons for this eﬀect will be discussed in Section 6.3.
From Table 6.1 it can also be seen that in our setup nucleation in solution occurs
for ∆µ/kBT ≥ 4.84, and that nucleation at the substrate occurs for ∆µ/kBT ≥ 5.13.
The latter can be considered as the value for (∆µ/kBT )hetr, but the former cannot
cThese experiments take about one week and therefore the number of data points is not very
large.
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Table 6.1: Concentrations, pHmax, activities and driving forces for each crys-
tallization experiment with ionic strength I = 0.08 for decreasing values of the
driving force (∆µ/kBT ). The ratio of [Ca
2+]:[CO2−3 ] is not constant, though
[Ca2+]:[HCO2−3 ] = 1. The pHmax-value rises when the concentration of NaHCO3
is lowered. This makes that the driving force drops more slowly than the concen-
tration of NaHCO3. Vat = Vaterite, Cal = Calcite.
[Ca2+]
(mM)
pHmax [CO
2−
3 ]
(mM)
[Ca2+]
[CO2−3 ]
fCa2+ fHCO−3
f
CO2−3
∆µ
kBT
dominant
solution
nucl.
substr.
nucl.
20.0 8.36 0.472 42.4 0.40 0.84 0.33 6.07 Vat Cal
15.0 8.59 0.570 26.3 0.40 0.82 0.34 5.99 Vat Cal
16.0 8.49 0.493 32.5 0.40 0.82 0.33 5.90 Vat Cal
12.0 8.69 0.549 21.8 0.40 0.81 0.34 5.74 Vat/Cal Cal
10.0 8.80 0.574 17.4 0.40 0.80 0.34 5.61 Vat/Cal Cal
7.0 9.12 0.777 9.0 0.40 0.79 0.35 5.57 Vat/Cal Cal
8.0 8.99 0.686 11.7 0.40 0.80 0.35 5.57 Vat/Cal Cal
12.0 8.59 0.441 27.2 0.40 0.81 0.34 5.52 Cal/Vat Cal
13.0 8.50 0.395 32.9 0.40 0.81 0.34 5.49 Cal/Vat Cal
9.0 8.83 0.552 16.3 0.40 0.80 0.35 5.47 Cal Cal
14.0 8.43 0.364 38.5 0.40 0.82 0.34 5.47 Cal Cal
6.0 9.16 0.718 8.4 0.40 0.79 0.35 5.34 Cal Cal
5.0 9.24 0.692 7.2 0.40 0.78 0.35 5.13 Cal Cal
4.0 9.33 0.648 6.2 0.40 0.78 0.36 4.84 Cal −−
3.0 9.41 0.564 5.3 0.40 0.78 0.36 4.42 −− −−
be the value for (∆µ/kBT )homo since it is unreasonable to believe that homogeneous
nucleation occurs at a lower driving force than heterogeneous nucleation, especially
when a strong interaction is present between the substrate and the cluster, as can be
concluded from the epitaxial character of the nucleation (see Chapter 4). However, the
fact that the crystals were nucleated in the solution does not imply that this occurred
through a homogeneous nucleation mechanism. It is also possible that they nucleated
heterogeneously on impurities present in the solution. In Figure 6.7 two images are
shown of crystals collected from the solution on the backside of the mica for diﬀerent
driving forces. The SEM image in Figure 6.7(a) is completely diﬀerent from that in
Figure 6.7(b) and shows that at high driving forces vaterite is predominantly present in
the solution, although some calcite crystals were found as well. In fact the results from
Table 6.1 show that for 4.84 ≤ ∆µ/kBT ≤ 5.52 calcite is predominantly formed in
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(a) (b)
Figure 6.6: SEM images of oriented calcite crystals nucleated from solution with
(a) [HCO−3 ]=[Ca
2+]= 10mM and ∆µ/kBT = 5.61 (b) [HCO
−
3 ]=[Ca
2+]= 14mM
and ∆µ/kBT = 5.47
(a) (b)
Figure 6.7: SEM images of (a) vaterite (unfaceted) and calcite (faceted) crys-
tals collected from the solution on the back side of the mica substrate for
∆µ/kBT = 5.90. (b) Crystals collected from the solution on the back side of
the mica substrate for ∆µ/kBT = 5.47 which show only calcite rhombohedrons.
solution. For 5.57 ≤ ∆µ/kBT ≤ 5.74, calcite and vaterite are both formed in solution
in more or less equal amounts, and for ∆µ/kBT ≥ 5.90 vaterite is predominantly
formed. The fact that calcite precipitates at lower driving forces than vaterite is a
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kinetic eﬀect, which is well-known for polymorphic systems.10,11
The mutual formation of vaterite and calcite is conﬁrmed by X-Ray diﬀraction
measurements which were performed on the crystals that were collected from the
solution on the backside of the mica substrate. A θ/2θ scan of a sample that was
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Figure 6.8: θ/2θ X-ray diﬀraction scans of crystals fallen from solution with
∆µ/kBT = 5.87 on the backside of mica (see SEM images of Figure 6.7). The
unfaceted crystals from ﬁgure 6.7(a) are mostly vaterite because their morphology
is easy to recognize and the peaks that appear in the θ/2θ scan are both vaterite
and calcite peaks. The lower ﬁgure is the mica background and the lines show
the positions and relative intensities of calcite peaks for an ideal calcite powder.
In the top ﬁgure the calcite and vaterite peaks that are present are labelled with
their diﬀraction indices.
taken from a solution with ∆µ/kBT = 5.87 is depicted in Figure 6.8. It shows that
calcite and vaterite peaks are present on top of the mica diﬀraction pattern. Vaterite
is known to be a precursor for calcite, and for high driving forces a large amount
of vaterite is nucleated. This implies that the nucleation barrier for homogeneous
calcite nucleation has not been overcome during the experiments, since the kinetically
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favored metastable polymorph vaterite is found. The value of ∆µ/kBT = 5.90 is
therefore probably too low for homogeneous nucleation of calcite to occur. It is
even questionable whether the formation of vaterite is the result of homogeneous
nucleation at all. Our estimated value of f(m) will therefore be on the high side,
leading to a too low estimate of m. However, we cannot quantify this error and
therefore we will continue our calculations considering the value of 5.90 as a lower
limit for (∆µ/kBT )homo.
A value of F (mfac) can be calculated by using equations 6.17, 6.32, values of γcf
from the literatured and the experimentally obtained magnitudes of the threshold
values of the driving force of (∆µ/kBT )homo > 5.90 and (∆µ/kBT )hetr = 5.13. The
results are given in Table 6.2 with the calculated values of Bs and Bf . It can be seen
Table 6.2: Values of Bs, Bf , f(msph) and F (mfac) for diﬀerent values of the
surface free energy of calcite. The inﬂuence of the value of the surface free energy
on F (mfac) is negligible and very small for f(msph).
ref. γcf Bs Bf f(msph) F (mfac)
12 83 mJ/m2 489 2042 <0.71 <0.75
13 97 mJ/m2 780 3260 <0.73 <0.75
14 130 mJ/m2 1877 7848 <0.75 <0.75
1 170 mJ/m2 4198 17549 <0.75 <0.75
that in the case of spherical clusters the value of f(m) depends only weakly on the
surface free energy of the cluster (less than 5% diﬀerence in nucleation barrier for
rather large diﬀerences in the surface free energy). However, in the case of faceted
clusters there is no noticeable dependence on the surface energy and F (mfac) < 0.75
for all values of the surface free energy. This results in a diﬀerence in nucleation
barrier for homogeneous and heterogeneous nucleation of at least 25%. The value of
F (mfac) = f(msph) < 0.75 corresponds to mfac = msph > −0.36, because of the
small diﬀerence between F (mfac) and f(msph) for these values of m (cf. Figure 6.4).
6.2.3 Shape of Crystals and Nucleation Barriers
When the experimental shapes of small calcite crystals in Figure 6.9 are compared
with computer generated shapes for diﬀerent values of m in Figure 6.10, it is clear
that for the small calcite crystals the value of m is 1 ≥ m ≥ 1/3, since they all
have a shape with only three {104} faces in contact with the solution. These
observations are in correspondence with the results obtained from the values of the
dThe experimental values in the literature of the surface energy are not explicitly the values of
the surface energy of the {104} faces, while this is the case for the calculated value.
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(a) (b)
Figure 6.9: SEM images of calcite crystals grown on a SAM of MHA at diﬀerent
growth stages. (a) Calcite crystals at their initial growth stage. The minimum
size of faceted crystals that could be observed properly with SEM is about 200
nm. (b) Calcite crystals with diﬀerent growth stages.
1>m>1/3 -1/3>m>-11/3>m>-1/3
Top views
Side views
Figure 6.10: Calcite rhombohedrons for diﬀerent values of m. The grey area is
the interface. At m = 1/3 new {104} faces become visible and at m = −1/3 the
three upper {104} faces are not in contact with the substrate any more. The top
views show how these diﬀerent crystals will appear in a SEM image taken at an
angle perpendicular to the substrate; the side views are slightly in perspective.
threshold driving forces for nucleation. In Figure 6.10, schematic drawings of the
morphology of heterogeneously nucleated calcite crystals on the substrate for three
diﬀerent ranges of m-values are depicted. The SEM results suggest that m ≥ 1/3,
while the m-values obtained from the experimental results of Table 6.1 indicate that
m > −0.36. Although these values are not in conﬂict, the large diﬀerence again
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suggests that the threshold value for homogeneous nucleation of calcite is not reached
during the experiments.
6.2.4 Critical Cluster Sizes and Surface Free Energy
It is of interest to calculate what the SEM results for the value of m imply for the
surface free energies of the {104} faces, γcf,104, and the critical size n∗ of the cluster.
In the following paragraph we will therefore use the following assumption: our SEM
results indicate that m ≥ 1/3, resulting in f(msph) ≤ 0.26 and when this value is
used in combination with equation 6.17, with a value of (∆µ/kBT )hetr = 5.13, we
can calculate that (∆µ/kBT )homo ≥ 10. The resulting values for this assumption
are summarized in Table 6.3. The critical cluster size for homogeneous and hetero-
Table 6.3: Values that were used in the calculations of the critical cluster sizes
for which we assume that m ≥ 1/3.
Homogeneous Heterogeneous
m -1 ≥ 1/3
f(msph) 1 ≤ 0.26
∆µ/kBT ≥ 10 5.13
geneous nucleation can be calculated with the help of equations 6.13 and 6.31 for
spherical and faceted clusters, respectively. In Figure 6.11 the critical cluster sizes
for homogeneous nucleation as a function of the driving force are plotted for the case
of spherical clusters. The smallest critical cluster size for homogeneous nucleation
is of course a cluster with size one. With the calculated limit of (∆µ/kBT )homo we
can estimate what surface free energy belongs to such a cluster. This results in a
value of γcf ≥ 85 mJ/m2 for spherical clusters and of γcf,104 ≥ 65 mJ/m2 for faceted
clusters. When these values are compared to the values reported in the literature,
which range from 83 mJ/m2 to 170 mJ/m2 (see Table 6.2 and Figure 6.11), it seems
that the reported values indicate a rather small critical cluster size for homogeneous
nucleation, containing a few growth units. The largest value of γcf of 170 mJ/m2 has
been reported for nucleation experiments at microgravity. The smaller value of the
surface energy for faceted clusters corresponds to the larger surface to volume ratio
for rhombohedrons compared to a sphere.
Equation 6.12 shows that the critical cluster size for heterogeneous nucleation is
f(m)× n∗homo, which indicates that it is roughly four times smaller than for homoge-
neous nucleation when it is assumed that m = 1/3. The curves in Figure 6.11 show
that the critical cluster sizes for homogeneous nucleation of spherical clusters ranges
between 8 and 60 and for faceted clusters between 12 and 106 for an experimentally
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Figure 6.11: Critical cluster sizes for homogeneous nucleation of spherical clusters
as a function of the driving force determined by using equation 6.13 for the lowest
and highest values of γcf reported in the literature, with Ω = 5.806 × 10−2 nm3
and T = 293 K
reasonable driving force of ∆µ/kBT ≈ 5.5. These sizes are reasonable and show that
our theory describes the system of nucleation of calcite rather well, although many
estimations have been used to obtain the values. The estimated critical cluster size for
homogeneous nucleation leads to a critical cluster size for heterogeneous nucleation of
spherical clusters of 2−15 growth units, and of faceted clusters of 3−28 growth units,
which is relatively small ( Table 6.4 summarizes these results). The large inﬂuence
Table 6.4: Critical cluster sizes of homogeneous and heterogeneous nucleation for
spherical and faceted critical clusters calculated for the two extreme values of γcf
of Figure 6.11. The values of the critical cluster size are calculated for a value of
the driving force of ∆µ/kBT = 5.5
γcf n
∗
homo n
∗
hetr
Spherical 83 mJ/m2 8 2
170 mJ/m2 60 15
Faceted 83 mJ/m2 12 3
170 mJ/m2 106 28
of the SAM on the nucleation behavior of calcite can be understood when such small
critical clusters are considered. One of the problems in understanding the drastic in-
ﬂuence of SAMs is the fact that only relatively small domains of 15×15 nm2 have the
crystalline structure reported for SAMs.15 The critical cluster sizes (n∗) are 50−100
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times smaller than the size of these domains, which explains the promoting eﬀect of
the substrate.
To estimate the interaction force between the SAM and the calcite {012} face, a
lower limit of the values of the adhesion free energy β012 can be calculated under the
assumption that m ≥ 1/3. This can be carried out with the help of equation 6.22 and
the calculated value14 of γcf,012 = 370 mJ/m2 for reported values of γcf . The results
are summarized in Table 6.5. These obtained values indicate that the interaction
Table 6.5: Calculation of adhesion free energy between the SAM of MHA and the
calcite {012} face for diﬀerent values of γcf for γcf,012 = 370 mJ/m2
ref. γcf β012
12 83 mJ/m2 ≥ 398 mJ/m2
13 97 mJ/m2 ≥ 402 mJ/m2
14 130 mJ/m2 ≥ 413 mJ/m2
1 170 mJ/m2 ≥ 427 mJ/m2
between the calcite crystals and the SAM is rather strong because, the relatively high
surface free energy of the calcite {012} faces has to be compensated by the interaction
with the SAM. This can only happen when the SAM is fully ionized which is in
accordance with our conclusions of Chapter 5 in which we argued that at a solution
pH of 9−10 the SAM should be fully ionized. In Chapter 8 we will discuss the role
of the adhesion free energy as a function of the solution pH and the eﬀect this has on
the nucleation kinetics of calcite.
Some comments on the derivation of m from the SEM images have to be made.
The three ranges of m-values that are shown in Figure 6.10 are limited by the m-value
at which new {104} faces appear in the morphology, and by the m-value at which
there is no contact line between three {104} faces and the substrate anymore. In the
case that the Wulﬀ distances for all the {104} faces are the same, the three extra
{104} faces should appear at the same m-value of m = 1/3. However, as can be
seen from Figure 6.9(b), the new {104} faces do not appear simultaneously. This can
only be explained by assuming diﬀerent Wulﬀ distances for each {104} face. From
an equilibrium growth perspective this cannot be the case, since all the {104} faces
should have the same Wulﬀ distance. However, an eﬀect of the substrate on the
growth kinetics in one speciﬁc direction and/or the extremely high and non-constant
supersaturation might lead to non-equilibrium shapes. The fact that the crystals are
always elongated in the direction of the lattice match between the {012} calcite face
and the SAM supports this eﬀect. This phenomenon will be further investigated in
Chapter 7, where the growth of calcite crystals on a SAM for diﬀerent driving forces,
which are kept constant during the growth of the crystals, will be described. However,
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it also implies that our estimation that m ≥ 1/3 might not be entirely correct, since
it is diﬃcult to estimate a value of m when the Wulﬀ distances of the {104} faces are
not equal.
6.2.5 ‘Odd-Even’ Eﬀect and Molecular Modelling Results
In the discussion of the results of Chapter 5 we have tried to explain the observed
diﬀerence in nucleation density for SAMs of thiols with odd and even chain length.
This diﬀerence was attributed to a diﬀerence in interfacial energy between the SAMs of
thiols with odd and even chain length. Furthermore, Duﬀy and Harding did not only
include calculations of the structure of the SAM in contact with diﬀerent solutions,
but also the calculation of the interfacial energy between the calcite {012} face and the
SAM. These resulted in values of β012 − γcf,(012) = 76 mJ/m2 for SAMs of thiols with
even chain length and of β012−γcf,(012) = 87 mJ/m2 for SAMs of thiols with odd chain
length. Duﬀy and Harding furthermore calculated the surface free energy of calcite
{104} faces in contact with water, resulting in a value of γcf,104 = 130mJ/m2.14 When
these numbers are used in equations 6.4 or 6.22, values of m = −0.59 and m = −0.67
are obtained for SAMs of thiols with even and odd chain length, respectively. This
gives in a value of f(m) = 0.86 for nucleation of calcite on SAMs of thiols with even
chain length and a value of f(m) = 0.91 for nucleation on SAMs of thiols with odd
chain length resulting in a diﬀerence in nucleation barrier of 5%, which is suﬃciently
large to cause a noticeable diﬀerence in nucleation density. Therefore the observed
diﬀerence in nucleation density is most probably a result of the diﬀerence in interfacial
energy between SAMs of thiols with odd and even chain length.
However, the calculated values of the interfacial energy for SAMS of thiols with
even chain length are signiﬁcantly higher than our experimentally obtained results
of m ≥ −0.36. The calculations of the interfacial energies were performed for a
solution in equilibrium with the calcite crystals (∆µ/kBT = 0), which means that the
experimentally observed larger values of m in the SEM images must be attributed to
kinetic or non-equilibrium eﬀects observed for high driving forces. This hypothesis is
conﬁrmed when the shape of the crystals in SEM images of large calcite crystals are
studied (see Figure 6.12). These crystals have grown for a long time (>18hours) in the
solution. The driving force of the solution decreases over time until the solution is in
equilibrium with the crystals. Although this is probably not the case after 18 hours,
the shape of these large crystals is much closer to the shape which was predicted by
the molecular modelling results. This suggests that the smaller crystals (and therefore
the clusters as well) are not in equilibrium with the substrate and the surrounding
solution during the nucleation and the initial growth, which is in agreement with the
large driving forces needed to obtain nucleation. In such a case, kinetic factors can
lead to a diﬀerent result than the calculated equilibrium shape for the cluster. These
kinetic factors will be discussed in detail in Section 6.3.3.
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Figure 6.12: SEM image of large calcite crystals, which are obtained when the
samples are taken out of the growth solution after 18 hours. After this time the
crystals do not become signiﬁcantly larger anymore.
Molecular modelling calculations were only performed on the interface between the
SAMs and the calcite {012} face. The reported {11l} faces did not lead to reliable
values of the interfacial energy, since the unit cell, needed to perform the calculations,
was too large and the nature of these crystal planes is such that it is impossible to
predict the crucial parameter of the density of ions close to the SAM. Furthermore,
the charge of these planes is not well-deﬁned, which leads to fundamental problems in
the calculations as well. However, the fact that a larger unit cell is required indicates
that the interfacial energy between the SAM and the calcite {11l} face will be higher
than for the interface between the SAM and the calcite {012} face. The formation
of {11l} oriented calcite crystals might therefore be the result of kinetic rather then
thermodynamic eﬀects.
6.2.6 Conclusions
In this chapter it has been shown that classical heterogeneous nucleation theory pro-
vides a description of the epitaxial nucleation of calcite with its {012} faces on SAMs
of MHA. Experiments that were performed at well-deﬁned driving forces allowed us
to quantify the interaction between the SAM and the calcite {012} face. In the the-
oretical description of the work (see Section 6.1) it was necessary to introduce the
diﬀerence between homogeneous and heterogeneous nucleation in order to quantify
the interfacial energy between a crystal and the substrate. However, during the ex-
periments no homogeneous nucleation of calcite occurred, even at very high driving
forces. The theoretical description of faceted clusters showed that for heterogeneous
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nucleation of calcite crystals on a SAM the shape of the crystal on the SAM can be
directly related to the nucleation barrier. With an estimation of the upper limit of the
nucleation barrier for heterogeneous nucleation, the size of the critical clusters was
estimated to range from 2−15 growth units for spherical clusters and between 3−28
growth units for faceted clusters. The large inﬂuence of the SAM, even when its small
crystalline domains are taken into account, can therefore be explained since these are
typically 100× larger than the critical cluster sizes of a calcite crystal. Furthermore,
a lower limit of the surface free energy of the calcite {104} faces was estimated at 85
mJ/m2, which is in correspondence with the reported values of the surface free energy
of calcite crystals.
6.3 Discussion and Limitations of the Thermodynamic Model
6.3.1 Limitations of the Experimental Approach
The results in Table 6.1 have made clear that the crystallization experiments were not
very reproducible in the sense that mixing two liquids with the same concentrations
of CaCl2 and NaHCO3 in two diﬀerent experiments lead to two diﬀerent values of the
pHmax, and therefore to two diﬀerent values of the driving force. This is probably
a result of the non-reproducibility of the mixing of the two liquids. Although our
setup was designed for reproducible mixing, it appeared rather diﬃcult to realize this
during the experiments. This is caused by the fact that the solution is very unstable
upon stirring and therefore the solution was only stirred for a very short time. A
continuous stirring would solve many of the fundamental problems, such as diﬀusion
gradients, non-reproducible pHmax-values and convection as a result of diﬀusion gra-
dients, but it also leads to an uncontrolled precipitation of calcium carbonate resulting
in the formation of vaterite and clusters of calcite crystals. In such a situation, there
was no controlled nucleation mediated by the SAM. Furthermore, when the solution
was stirred, the nucleation barrier appeared to decrease strongly because precipita-
tion occurs (within approximately 20 hours) for driving forces of ∆µ/kBT > 2.0,
while for non-stirred solutions precipitation on the same timescale occurred only for
∆µ/kBT > 4.8.
6.3.2 Capillarity Approximation and the Continuum Approach
In this section we would like to comment on some approximations that are made in
classical nucleation theory, one of which is the use of the capillarity approximation,
which excludes something like an intermediate phase between the surface and the
bulk of a crystal. This approximation has been carefully described in the work of
Mutaftschiev,2 and it justiﬁes that there are two homogeneous phases, i.e. bulk
crystal and bulk solution, with the same chemical potential and surface free energies
106 Thermodynamics of Epitaxial Nucleation of Calcite
for (small) clusters as for inﬁnite crystals. Although the capillarity approximation has
proven its value to describe experimental results, there are many reasons to question
its validity. It is clear that for very small clusters (less than about 10 growth units)
the capillarity approximation makes no sense, because there is no enclosed volume
in such a small particle and this automatically leads to an intermediate phase that
cannot be neglected.
Another comment on the capillarity approximation is directly related to our own
experimental observations. All crystals we have grown stop growing after they have
reached a size of about 50 µm, even when they are kept in a supersaturated solution
for a very long time (several days). Apparently, the crystal surfaces are poisoned and
we believe that this poisoning is caused by defects. Since very high driving forces are
needed to overcome the nucleation barrier for calcite, we believe that the subsequent
growth of a supercritical cluster is rather uncontrolled and leads to many defects that
prevent the crystal from growing to a very large size. The number of defects might so
high that it is diﬃcult to believe that the cluster has a well-deﬁned lattice and shape.
This means that the concept of the capillarity approximation makes no real sense.
Another approximation that is often made in nucleation theory is that the number
of growth units is a continuous parameter.2 For large bulk crystals this approximation
is correct, because the decrease or increase in the chemical potential involved with
respectively the inclusion or exclusion of one growth unit is negligibly small. For
very small clusters, and especially for charged ionic crystals, this assumption is of
course incorrect. The inclusion or exclusion of one growth unit leads to a relatively
large decrease or increase in the chemical potential of the cluster and the chemical
potential is therefore discrete in its behavior. Although a continuous approach is
therefore by deﬁnition incorrect, it is often used because of its simple mathematics
and its reasonably accurate (qualitative) results.2 A discrete approach would require
a statistical description of nucleation theory with a grand canonical ensemble. In
such a description, the chemical energy of every growth unit has to be described as
a function of charge, inclusion location, cluster size, orientation, hydration degree,
diﬀusion path etc. For the moment such a detailed description is impossible because
of a lack of experimental data, which is basically a result of the very fast nature of
nucleation events combined with the very small length scale.
6.3.3 Kinetics of 3D Epitaxial Nucleation
The thermodynamic description of oriented 3D nucleation, as has been described
in Sections 6.1 and 6.2, only considers energy diﬀerences as the driving force for
nucleation to occur. A thermodynamic theory, however, in general does not provide
information on how the nucleation takes place. Furthermore, it does not describe the
behavior of individual ions or growth units, but it only describes the situation with the
lowest Gibbs free energy, which is called equilibrium. To understand biomineralization
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processes, it is necessary to obtain information regarding the kinetics of oriented
nucleation as well, because it seems that the main factors that determine the controlled
nucleation and growth of inorganic crystals on an organic substrate are the kinetic
ones, which diﬀer from conventional nucleation and growth. For the moment the
discussion of possible kinetic factors that play a role remains a theoretical discussion,
because there is a lack of accurate empirical data. This, and the fact that empirical
data are very hard to obtain are the reasons that this section is not followed by an
experimental section because the issues discussed are (almost all) unveriﬁable with
currently available experimental techniques.
6.3.4 Ostwald’s Rule of Stages
The time dependence of nucleation is described by the nucleation rate5,6 which gives
the number of nucleation events per second:
J = A exp
(
∆µ
kBT
)
exp
(
−∆G
∗
kBT
)
= A exp
([
∆µ
kBT
]
−Dγ3
[
kBT
∆µ
]2)
(6.38)
with:
D =
16πΩ2
3(kBT )3
(6.39)
The parameter A depends on many factors and some of them will be described in
the discussion below. The nucleation rate is based on statistical mechanics described
by the Boltzmann distribution. A detailed discussion on this distribution and the
nucleation rate is provided by the work of Mutaftschiev.2 In the right part of equa-
tion 6.38 the nucleation barrier (∆G∗) has been replaced by the relevant parameters
for this work, i.e. the driving force (∆µ/kBT ) and the surface free energy (γ). All the
other parameters for the nucleation barrier are included in the parameter B. From
this formula it is clear that the nucleation rate is governed by the supersaturation
with respect to the solid phase and the surface free energy of that phase. Although
the driving force is always the highest with respect to the thermodynamically stable
phase, the eventual high surface free energy of this stable phase might drastically
lower the nucleation rate. This eﬀect can lead to the formation of an unstable poly-
morph with a lower surface free energy, which will eventually dissolve or recrystallize
into a more stable polymorph. This phenomenon was observed by Ostwald and led
to his rather famous rule, which states: ”The pathway to the stable state will lead
through all unstable states in the order of increasing stability”16 An excellent discus-
sion of this rule and its limitations is provided by the review paper of DeYoreo and
Vekilov.17 The most important feature of the rule is that there is a possibility that
the formation of {012} oriented calcite crystals is preceded by the nucleation of a
less stable phase (vaterite or amorphous calcium carbonate), which is converted into
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calcite after the nucleation has occurred. Apparently, in our experiment Ostwald’s
rule can be applied in the case for solution nucleation since at high driving forces the
formation of vaterite instead of calcite is observed. The formation of calcite at lower
driving forces was attributed to heterogeneous nucleation on impurities in the solu-
tion. The question is now why at higher driving forces vaterite nucleation becomes
dominant instead of heterogeneous calcite nucleation. This can be understood when
the behavior of the nucleation rate is studied as a function of the driving force. For
low driving forces, the exponential part of equation 6.38 is small and the nucleation
kinetics are governed by the pre-exponential factor A. This leads to the formation of
calcite since it is observed that slow kinetics preferentially lead to calcite instead of
vaterite nucleation. This preferred formation of calcite at slow kinetics is the basis
of using slow diﬀusion techniques in the methods described in Chapter 5. At high
driving forces, however, the nucleation kinetics are governed by the exponential part
of equation 6.38 and this leads to very fast kinetics, in which case it is known that
vaterite nucleation will dominate, since it is the kinetic product of calcium carbonate
crystallization. This behavior is in accordance with Ostwalds rule of stages.
In our experiments the formation of vaterite as a precursor on the SAMs has never
been observed and therefore we assume that calcium carbonate crystallizes directly
as calcite. However, the formation of a very unstable precursor (amorphous calcium
carbonate) on the SAM cannot be excluded, because such a precursor might have a
lifetime that is too short to measure with our available techniques. It would therefore
be very interesting to carry out experiments that can give more insight on possible
intermediate states. This requires an experimental technique with suﬃcient time
resolution and sensitivity for the observation of structural (symmetry) changes. Linear
and non-linear optical techniques are an option, although their spatial resolution and
their relatively large spot size compared to the size of the cluster might be a problem.
Time resolved X-ray experiments are an option as well, but in that case the use of
synchrotron radiation is required because of the very high intensities needed to have
a suﬃcient time resolution. The large spot size is a problem for this technique as well,
but a careful design of the experiment, for example by using a patterned substrate,
might solve this problem.
6.3.5 Kinetics of Homogeneous versus Heterogeneous Nucleation
One of the kinetic factors that has not been taken into account in our experiments is
the size of the surface of the SAMs with respect to the volume of the supersaturated
solution. In the parameter A of equation 6.38 the total number of clusters with size
one (N1) is included. The pre-exponential factor A in the nucleation rate depends
linearly on (N1) (see the work of Mutaftschiev2). The number of clusters with size one
is determined by the boundary conditions of the Boltzmann distribution (
∑
n Nn = N ,
where Nn is the number of clusters with size n and N is the total number of dissolved
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CaCO3 units). This results in the following nucleation rates for homogeneous and
heterogeneous nucleation:
Jhetr ∝ N1 substr exp
(
∆µ
kBT
)
exp
(
−∆G
∗f(m)
kBT
)
Jhomo ∝ N1 sol exp
(
∆µ
kBT
)
exp
(
−∆G
∗
kBT
) (6.40)
The number of clusters of one growth unit that exist in the experiment depends on the
experimental volume and the density of ions of the solution. For the solution phase
this number can be easily calculated when the volume (Vexp) and the concentrations
of diﬀerent ions (ρV ) are known. For the substrate it is a bit more complicated, but
the number can be found by calculating the density of clusters with size one on the
substrate (ρA) and the area of the substrate (Aexp) multiplied by the height of the
growth units perpendicular to the substrate. The height of the growth unit is given
by the volume of the growth unit (Ω) divided by its surface area parallel to the {012}
plane. This gives:
N1 substr = Aexp
nΩ
a
ρ
A
N1 sol = Vexp ρV
(6.41)
When the driving forces and the temperature are kept constant (=constant nucleation
barrier), and the concentrations of clusters with size 1 (ρ
V
and ρ
A
) are assumed to
be equal, the nucleation rates for homogeneous and heterogeneous nucleation depend
only on the nature of the substrate (f(m)) and the relative size of the substrate with
respect to the volume. This results in:
Jhetr ∝ AexpnΩ
a
exp
(
−∆G
∗f(m)
kBT
)
Jhomo ∝ Vexp exp
(
−∆G
∗
kBT
) (6.42)
Although a prediction of the nucleation rate for homogeneous and heterogeneous
nucleation is almost impossible, it is possible to estimate the value of f(m) by varying
the substrate area to volume ratio while keeping the supersaturation constant. Our
setup was not built for such an experiment, and a proper design should be made in
order to be able to vary both the volume and the area of the substrate in a reproducible
way. In such a setup, care has to be taken to have a comparable mixing, diﬀusion
and convection, but there are no fundamental limits why such an experiment cannot
be performed.
The inﬂuence of the volume of the solution and the area of the substrate on the
nucleation kinetics can be estimated. In the thermodynamic model this eﬀect is not
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taken into account, but when the actual volume and substrate areas are substituted
into equation 6.42 it can be seen that the pre-exponential factor of the homogeneous
nucleation rate is enlarged by the large experimental volume we used (500 cm3), while
the pre-exponential factor of the heterogeneous nucleation rate is lowered by the small
substrate area (1.2 cm2). A rough estimation of the inﬂuence of these values shows
that heterogeneous nucleation would be 60× faster for a reduction in the volume from
500 cm3 to 5 cm3. This might explain the very good results obtained with the droplet
of the Kitano solution as described in Chapter 4.
6.3.6 Some Considerations on Entropy, Stoichiometry and Local Variations of
Supersaturation
There are some other eﬀects that have an inﬂuence on nucleation kinetics. Although
they are impossible to quantify, it is useful to discuss them in order to make the reader
aware of the complexity of nucleation kinetics.
The ﬁrst topic is the entropy of inclusion of a growth unit into a cluster, which
has been discussed ﬁrst by Lothe.18 The formation of a well-ordered cluster from a
disordered solution decreases its rotational-translational entropy with a considerable
amount. If this eﬀect is calculated by using a statistical analysis, the thermodynamic
description makes no sense anymore and nucleation should never occur because the
nucleation barriers would be too high. This means that these calculations must be
wrong, because they totally disagree with experimental results which clearly show that
nucleation occurs for many materials. The solution to this paradox is considering the
surface free energy, because the energy associated with the rotational-translational
entropy of a growth unit cannot be distinguished from the surface free energy. This
part of the entropy that plays a role in nucleation theory can therefore be explained,
but there are many other discussions such as: the rotational and translational entropy
of the clusters themselves, the self consistency of nucleation theory, and the experi-
mental observed inﬂuence of entropy on nucleation kinetics. A detailed discussion of
these topics can be found in the work of Reiss,19,20 Reguera21 and Koper,22 although
most of this work focusses on the nucleation of liquid droplets from the vapor phase.
The second topic is the inﬂuence of the stoichiometry of Ca2+ and CO2−3 ions in the
solution on the nucleation kinetics. In many biological and experimental solutions the
stoichiometry of the ions in the solution is not the same as the stoichiometry of the ions
in the crystal. In our nucleation experiments, for example, the stoichiometry between
Ca2+ and HCO−3 was kept constant at unity, but the stoichiometry between Ca
2+
and CO2−3 depended on the pH-value. The stoichiometry of the ions in the solution
has no inﬂuence on the thermodynamics of nucleation, because the supersaturation is
deﬁned as the product of the activities of the relevant ions. However, it probably does
have an inﬂuence on the nucleation kinetics since it has been shown experimentally
that the stoichiometry of the ions in the solution is an important factor in the growth
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kinetics (see for example the work of Zhang et al.23). We have not investigated this
parameter because the solution speciation of a solution with carbonate ions is diﬃcult
to control and therefore it is not straightforward to vary the stoichiometry of the ions
in the solution without varying the supersaturation. Since the nucleation rate depends
exponentially on the supersaturation, small deviations in the latter will likely alter
the nucleation kinetics more than the small impact of a diﬀerent stoichiometry.
The ﬁnal topic is the inﬂuence of diﬀusion, convection, and surface chemistry on
the supersaturation close to the SAM. It is obvious that in our experiments concentra-
tion gradients will occur as a result of the (local) extraction of ions from the solution,
mostly at the SAM. These gradients will lead to diﬀusion- and gravity-induced con-
vection. In our setup the SAMs are placed upside down so that gravity-induced
convection will lower the supersaturation at the SAM with respect to the solution. It
is further lowered because of the relatively high local density of clusters with respect
to the solution. When the pH of the solution is close to the pK a value of the SAM,
H+ ions coming from the SAM can change the local pH, which also results in a change
of the local supersaturation. It is very diﬃcult to quantify these eﬀects, especially
under the experimental conditions of our setup. Stirring of the solution would solve
most of these problems, but as has been discussed above the stirring itself causes
other experimental problems.
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CHAPTER 7
Elongated Shape of Epitaxially Nucleated Calcite Crystals
In the discussion of the nucleation thermodynamics and kinetics of Chapter 6, many
of the diﬀerent phenomena that are observed when calcite crystals are nucleated
on SAMs terminated with carboxylic acid functional groups have been discussed in
detail. However, there is one eﬀect that has not been analyzed yet. This is the
ﬁnal shape of the crystals. In this chapter we will discuss the growth morphology
and compare it with the equilibrium shape of calcite crystals, since SEM images
immediately reveal that the calcite crystals nucleated on the SAM did not exhibit
a perfect rhombohedral shape. The ﬁrst section (7.1) of this chapter is dedicated
to an analysis of the resulting shape of the calcite crystals after the nucleation and
the growth in contact with the SAM. Since generally a non-equilibrium shape is
observed, we try to explain the deviation in terms of the nucleation (Section 7.1.1)
or the growth process (Section 7.1.2). Since it is practically impossible to directly
observe the nucleation process, we have developed an experiment that monitors the
growth of calcite crystals in contact with a SAM. The purpose of this experiment is
to measure the growth rate of the diﬀerent calcite faces at a constant driving force
to determine the inﬂuence of the SAM on the relative growth rates of the calcite
faces (Section 7.2). In the concluding section we will discuss the results of these
experiments.
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Shape of Calcite Crystals
The results of Chapters 4 and 5 have shown that SAMs terminated with carboxylic
acid functional groups lead to crystals that nucleate epitaxially with the {012} face
parallel to the monolayer. In Chapter 6 the thermodynamics and kinetics of the
nucleation process have been discussed. One of the important parameters in this
discussion was the equilibrium shape of the crystals on top of the SAMs. When
calcite crystals grow in a supersaturated solution, the shape of the resulting crystals
will generally deviate from the equilibrium shape. When the crystal is in equilibrium
with its environment, its shape is determined by the faces with the lowest surface free
energy. This leads to a crystal morphology in terms of Wulﬀ distances hhkl deﬁning
the distance between a face (hkl) and the center P of the crystal.1 However, during
nucleation and the initial growth phase (at high driving force) kinetic eﬀects can
lead to the expression of other faces.2 Chernov has shown, analogously to Wulﬀ’s
treatment, that for a crystal with constant growth rates the Wulﬀ distances are given
by:3
rhkl ∝ hhkl (7.1)
In Figure 7.1, the shape of a calcite rhombohedron is depicted. This is the equilibrium
shape of a calcite crystal. From a thermodynamics point of view all {104} faces have
equal surface free energies and therefore equal Wulﬀ distances; the free energies of
other orientations are apparently too large, compared with the {104} faces, to appear
on the equilibrium morphology. In the same ﬁgure also the (012) face is drawn, which
h104
h012
h104
(012)
{104}
P
Figure 7.1: Schematic picture of a calcite crystal which shows the {104} faces
of the rhombohedron, a (012) face at h012 = 0 and one with an arbitrary h012
value. P is the central point of the rhombohedron from which the Wulﬀ distance
is measured.
deﬁnes the interface orientation between the SAM and the epitaxially nucleated calcite
crystals.
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However, in crystallization experiments often diﬀerent morphologies are observed.
SEM images show that in our experiments most of the calcite crystals have an elon-
gated shape in the direction of the lattice match between the calcite {012} face and
the lattice of the SAM. The diﬀerent shapes are clearly illustrated by the SEM image
in Figure 7.2, in which two calcite crystals are shown with diﬀerent aspect ratios. In
Figure 7.2: SEM image of two calcite crystals with diﬀerent aspect ratios. The
more chunky-shaped crystal has a shape close to the equilibrium shape. The
elongated crystal has a clear non-equilibrium shape.
the next section we will show on the basis of a statistical analysis that the observed
elongated shape is typical for calcite crystals that are epitaxially nucleated with a
{012} face on a SAM.
7.1 The Aspect Ratio of {012} Oriented Calcite Crystals
When a crystal has an equilibrium shape the Wulﬀ distances of the {104} faces are
equal (as in Figure 7.3). We consider two deﬁnitions of the aspect ratio of {012}
oriented calcite crystals depending on whether the individual faces are discernable.
Figure 7.3 shows the corresponding parameters. The deﬁnition of the aspect ratio
of the calcite crystals depicted in Figure 7.3(a) is the most well-deﬁned, because it
uniquely deﬁnes the Wulﬀ distances of all the {104} faces independent of the Wulﬀ dis-
tance of the {012} face, as long as all six {104} faces are discernable. In Figure 7.3(b)
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Figure 7.3: Two deﬁnitions for the aspect ratio of the epitaxially nucleated calcite
crystals used in this chapter. The calcite crystal in these images have an aspect
ratio of the {104} faces of unity. (a) Aspect ratio of calcite crystals when individual
faces can be recognized. The factor 1.95 compensates for the natural aspect
ratio of a {012} oriented crystal in order to know the aspect ratio of the Wulﬀ
distances (see Appendix C). (b) Aspect ratio used when individual faces cannot
be recognized. This aspect ratio is ambiguous, because the Wulﬀ distance of the
{012} face has to be known before the aspect ratio of the Wulﬀ distances of the
{104} faces can be calculated.
the situation is drawn in case the upper vertex of the crystal is not discernable. The
aspect ratio deﬁned in this ﬁgure does not uniquely deﬁne the Wulﬀ distances of the
{104} faces because the measured value depends on the Wulﬀ distance of the {012}
face as well. This deﬁnition of the aspect ratio is only useful to obtain an estimate of
the aspect ratio of a crystal over time. Even then, a change in the Wulﬀ distance of
the {012} face without a change in the Wulﬀ distances of the {104} faces will change
the measured aspect ratio. An increase in the Wulﬀ distance of the {012} face, then,
would lead to a decrease in the measured aspect ratio.
The SEM images generally show well-deﬁned {104} faces. Therefore, the aspect
ratios, of the crystals nucleated on the SAMs, have been determined using these
images and the ﬁrst deﬁnition. The results of these measurements are shown in
Figure 7.4. Depending on the crystallization method used, there is a distribution
in aspect ratios which has been plotted in histograms. The observed mean aspect
ratio for all three crystallization methods is larger than unity, especially in the case
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Figure 7.4: Histograms of aspect ratios deﬁned according to Figure 7.3(a), mea-
sured on calcite crystals grown with (a) the Kitano method showing a mean
aspect ratio of 3.1 ± 1.2 (<log(aspect)> = 0.54 ± 0.25) (b) the ‘CO2 in’ method,
showing a mean aspect ratio of 1.9 ± 0.9 (<log(aspect)> = 0.24 ± 0.17) and
(c) the Mixing method, showing a mean aspect ratio of 2.1 ± 1.2 (<log(aspect)>
= 0.25 ± 0.25).
of the Kitano method. Although the results vary for each crystallization method, it
is obvious that the crystals do not exhibit an equilibrium shape since in that case
the aspect ratio would be unity. In the next section we will examine the inﬂuence
of the critical cluster shape on the ﬁnal shape of the crystal and in Section 7.1.2 we
will deﬁne the necessary conditions for an elongated shape of the calcite crystals to
be only caused by an anisotropy in the growth rates of the {104} faces.
7.1.1 Inﬂuence of Critical Cluster Shape
In previous work we have concluded that a critical cluster has a size of 2−15 growth
units.4 The longest possible critical cluster has therefore a size of 15×1 growth units,
which results in a size of 6.0×0.4 nm2. For isotropic growth rates the anisotropic
shape of the critical cluster will gradually disappear in the growth stage. Let us
assume that there is no anisotropy in the growth rates and calculate what size the
crystal will have when it has reached an isotropic equilibrium shape with a deviation
of less than 1%. For this, a constant isotropic growth rate of 0.24 µm/h is assumed,
which is reasonable given the measured values of Table 7.2. A simple calculation
shows that the crystal will be isotropic with a deviation of less than 1% after 4 hours
which corresponds to a size of ≈ 0.9×0.9 µm2. This implies that crystals with a larger
size will have an almost isotropic shape independent of the shape of the nucleus. In
our experiments we observed anisotropic crystals with sizes up to 20−50 µm2, which
is much larger than the value of 0.9×0.9 µm2. Since an isotropic shape is not observed
the growth rates must be anisotropic. A combination of an elongated nucleus with
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Figure 7.5: Shape of a crystal with a starting size of 6.0×0.4 nm2 with isotropic
growth rates of 0.24 µm/h. Each line represents the crystal after 30 s., which is
equivalent with a growth of 2 nm in each direction. Only the ﬁrst 10 minutes
of the growth are shown, but the shape of the crystal has already signiﬁcantly
changed.
anisotropic growth rates cannot be excluded, but the calculation above shows that
the substrate modiﬁes the growth rates, resulting in an enhanced growth in the lattice
matching direction, at least in the early growth stage.
7.1.2 Elongated Crystals as a result of Anisotropic Growth Rates
Let us now examine the conditions for anisotropic growth rates started with an
isotropic critical cluster. In order to do so we assume that the shape of the nu-
cleus is deﬁned by the shape that is predicted by the results of Chapter 6 with equal
Wulﬀ distances for all {104} faces, which might be justiﬁed by argument that the nu-
cleus is so small that it will tend to attain the most compact form. This would result
in the shape that is represented by the left crystal model in Figure 7.6. The other
two images correspond to consecutive stages as observed using SEM. It is obvious
from these images that the Wulﬀ distance of the {012} face is diﬀerent for each of
the three stages. The experimentally observed elongated shape will be obtained when
the growth rates of the faces (014) and (014) are smaller than those of the other four
{104} faces. A smaller growth rate for the former two faces might be explained by the
fact that these grow in the direction for which the crystal lattice does not match with
the SAM lattice (see Figure 7.6). When the (114) and the (104) faces have the same
growth rate as the (104) and the (11¯4¯) faces, the crystal will attain the shape shown
in the middle. However, the model on the right hand side represents the usual shape
of fully grown calcite crystals on the SAM. This means that the growth rates of the
(114) and the (104) faces must be smaller than those of the (104) and the (11¯4¯) faces,
which leads to the conclusion that in order to obtain the observed shape of the calcite
crystals, starting from a nucleus with the shape on the left hand side of Figure 7.6, it
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Figure 7.6: Three stages during the growth of calcite crystals on a SAM. The grey
dots represent the SAM lattice and the rectangles in the calcite crystals represent
the lattice of the (012) face. The elongation of the crystals always takes place
in the lattice matching direction. By a slower growth of the (014) and the (014)
faces with respect to the other four {104} faces, an elongated shape of the crystal
will be obtained.
is necessary that the growth rates rhkl, are related in the following way:
r014 = r014 < r114 = r104 < r104 = r11¯4¯ (7.2)
However, these relationships have to be veriﬁed in an experiment with a well-deﬁned
constant driving force, because it is important to ﬁnd out whether it is the substrate
that modiﬁes the growth rates or whether other factors, such as the driving force or
local variations in the driving force as a result of diﬀusion gradients, are relevant.
The crystal models in Figure 7.6 have shown that the Wulﬀ distance of the {012}
face varies during the growth. It cannot be determined by using the parameter mfac
introduced in Chapter 6, which was deﬁned as:
mfac =
γsf − γsc,012
γcf,104
= − h012
αh104
(7.3)
because in the derivation of mfac it was assumed that the Wulﬀ distances of all
six {104} faces were equal. This assumption is important for determining the value
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of mfac and the resulting interfacial energy from the observed shape of the calcite
crystals. When the Wulﬀ distances of the {104} faces are not equal, the value of mfac
is ambiguous with respect to an observed shape of the crystal. This means that the
ratio of the interfacial and the surface free energy does not uniquely deﬁne the shape
of calcite crystals.
7.2 Measuring the Growth Rate of Calcite Crystals at Constant
Driving Force
The purpose of the measurements is to determine the growth rates of the individual
{104} facets. A supersaturated calcium carbonate solution was ﬂowed at constant
driving force over calcite crystals that were epitaxially nucleated on the {012} face
on a SAM of 16-mercaptohexadecanoic acid (MHA). In this experiment the shapes of
the crystals were monitored in situ in order to determine the growth rates for each
individual crystal. We will focus ﬁrst on how to make a solution with a constant
driving force and keep it constant over 24 hours.
7.2.1 Control of Driving Force
From the theory in Chapter 2 it is known that for a solution containing carbonate
ions it is important to deﬁne whether the system is open or closed. In this experiment
it was decided to use an open system in contact with the air, since it appeared that
it is more easy to maintain a constant driving force in such a system because the pH
can be kept constant with a high precision. To describe the solution composition of
our experiments, the following equations for the concentration of carbonate ions as a
function of the pH are used (see Chapter 2):
[CO2−3 ] =
CB − CA + {H+} − [OH−]
2 + K
′
2
{H+}
(7.4)
[HCO−3 ] =
K ′2
{H+} [CO
2−
3 ] (7.5)
where in our case CB = [NaHCO3] + [NaCl] and CA = [NaCl] since we use NaCl to
adjust the ionic strength of the solution to 0.08. The mixed equilibrium constants
and the activities of the Ca2+ and CO2−3 ions are calculated using the Pitzer theory
described in Appendix A, resulting in a driving force that is deﬁned by:
∆µ
kBT
= ln
({Ca2+}{CO2−3 }
Ksp
)
= ln
(
fCa2+fCO2−3
[Ca2+][CO2−3 ]
Ksp
)
(7.6)
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The Ksp for calcite is 10−8.54. This is the value at which the attachment and de-
tachment rates for calcium carbonate growth units in a closed system at 293 K are
equal, corresponding to ∆µ/kBT = 0.5 The pH of such a solution depends strongly
on the pCO2 of the environment. Since in air this value varies over time, it is more
convenient to use a premixed gas atmosphere with a constant pCO2 of 10−3.5, which
is the average value of pCO2 in air. When this gas mixture is bubbled through the so-
lution, which is continuously stirred with a stirring bar, an equilibrium is established
in about 12 hours, resulting in a solution with a pH of about 8.60 that is constant with
a precision of about 0.02 pH units. This results in a driving force with a precision
of 0.05. Measurements that showed a deviation in pH larger than 0.02 units were
excluded, since the driving force was considered not to be suﬃciently constant over
time for such an experiment.
pH probe
Thermometer
Gas mixture 
pCO
2
 = 10-3.5
0.2 µm filter
Microscope
Sample
Thermostat bath
Peristaltic pump
Thermostat bath
CaCl2 +
NaHCO3
Figure 7.7: Schematic drawing of the calcite growth setup. Photos of the setup
can be found at the end of this chapter.
A schematic picture of the setup is shown in Figure 7.7. During the experiment
the pH of the solution was continuously measured, and with this value and the known
concentrations of Ca2+ ions and CA and CB the driving force was calculated. In
order to reduce the heterogeneous nucleation the solution was pumped, at constant
driving force, through a 0.22 µm ﬁlter. The teﬂon tubing is impermeable for CO2,
which guarantees that CO2 from the air does not alter the driving force of the solution
before it is ﬂowed through the cell with the growing crystals. The temperatures of the
storage vessel and the growth cell were measured in situ and maintained at 293.0 K
during the entire experiment with the help of a thermostat bath. A detailed image
of the growth cell is shown in Figure 7.8. The diameter of the cell is 35 mm and the
height of the liquid is 1 mm, giving rise to a cell with a volume of about 1 ml. The
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Figure 7.8: Growth cell. The thermostated cell holder is composed of aluminum,
the cell itself of KelF (PTCFE), all O-rings are composed of Kalrez and the window
of quartz.
materials of the cell in contact with the solution were KelF (PTCFE), Kalrez and
quartz, which are inert and easy to clean. In order to remove any remaining calcium
carbonate particles from a previous experiment all components of the setup that had
been in contact with the solution were carefully cleaned with diluted HNO3. After
that treatment methanol was used to kill any bacteria. Between these steps all parts
were rinsed (3×) with nanopure water. After each experiment the 0.22 µm ﬁlter was
replaced.
The calcite crystals were nucleated on the SAMs using the ‘CO2 in’ method, as
described in Chapters 3 and 5. However, in order to obtain small crystals that are
not fully grown, the samples were placed in this setup as shortly as possible. The
samples were then taken out of the solution and rinsed with nanopure water to remove
residual ions. In order to prevent poisoning eﬀects that might be the result of drying
the crystals, care was taken to keep the samples wet when they were transferred to the
growth cell. The growth cell was closed and the supersaturated solution was ﬂowed
over the substrate at a constant rate of about 1.5 ml/min and therefore the entire
content of the cell was continuously refreshed within less than a minute in order to
prevent any decrease in the driving force in the cell as a result of the deposition of
ions on the growing crystals. In order to prevent a possible decrease in driving force,
the solution that had passed the growth cell was not recycled.
7.2.2 Growth Rates
An optical microscope was placed above the growth cell. The microscope was equipped
with a computer controlled CCD camera that took an image every 15 minutes. In
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this way the size of the crystals could be monitored over time. The magniﬁcation
of the microscope was 400× which is suﬃciently large to identify the shape of the
crystals and at the same time covers a large enough area to measure the growth rates
of a suﬃcient number of crystals to obtain reliable statistics.
The resolution (especially the focal depth) of the optical microscope, however,
was insuﬃcient to be able to measure the aspect ratio as deﬁned in Figure 7.3(a).
Therefore we had to use the method of Figure 7.3(b). This did not allow us to
measure the Wulﬀ distances and the growth rates of the {104} faces directly, but a
comparison of the measured aspect ratios between the starting point and the ﬁnal
result was possible. This resulted in measured growth rates in the calcite <100>
(lattice match) and <121> (non lattice match) directions.
7.3 Results and discussion
7.3.1 Growth Rates
Growth solutions were prepared as described above and their composition is given in
Table 7.1. The solutions with driving forces of ∆µ/kBT = 1.49−1.92 were prepared
Table 7.1: Composition and activity coeﬃcients of solutions with diﬀerent driving
forces. The solutions were thermostated at 293.0 K and bubbled with a premix of
N2 and CO2 with pCO2 = 10
−3.5. NaCl was used to ﬁx the ionic strength at 0.08.
The activity coeﬃcients are calculated using the Pitzer theory (see Appendix A).
∆µ/kBT 1.49± 0.05 1.60± 0.05 1.83± 0.05 1.92± 0.05 2.47± 0.05
[CaCl2] 1.5 mM 1.3 mM 1.7 mM 2.2 mM 0.15 mM
[NaHCO3] 2.0 mM 2.0 mM 2.0 mM 2.0 mM 10.0 mM
[NaCl] 73.5 mM 74.1 mM 72.9 mM 71.4 mM 69.6 mM
pH 8.55± 0.02 8.67± 0.02 8.65± 0.02 8.57± 0.02 9.42± 0.02
[CO2−3 ] 59.4 µM 76.6 µM 73.7 µM 62.4 µM 1.57 mM
[Ca2+]:[CO2−3 ] 25.3 : 1 17.0 : 1 23.1 : 1 35.3 : 1 1 : 10.5
fCa2+ 0.397 0.397 0.397 0.396 0.398
f
HCO−3
0.773 0.772 0.773 0.775 0.767
f
CO2−3
0.361 0.362 0.361 0.360 0.365
with a solution of the same concentration of NaHCO3. The diﬀerence in driving
force is a result of diﬀerences in the pH and variations in [CaCl2]. The solution with
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∆µ/kBT = 2.47 was prepared in a diﬀerent way because the [NaHCO3] is much
higher and [CaCl2] much lower, which gave rise to a signiﬁcantly higher pH and a
stoichiometry of Ca2+ and CO2−3 that is totally diﬀerent from the other four solutions.
This was the only way to prepare solutions with ∆µ/kBT > 2, because solutions
prepared with [NaHCO3] = 2 mM were not stable at ∆µ/kBT > 2, resulting in a
spontaneous precipitation of calcium carbonate. This diﬀerence in stability shows that
the stoichiometry of Ca2+ and CO2−3 in the solution has an eﬀect on the nucleation
kinetics in the solution as has been suggested in Section 6.3.
Typical micrographs that were obtained for all experiments are shown in Fig-
ure 7.9. The reason why the crystal faces become roughened during the growth is
unclear. This eﬀect might be related to the blocking of steps by impurities, which
is more eﬀective for low driving forces. Crystals that were made by the three crys-
tallization methods as described in Chapter 5 rarely showed rough crystal faces. In
the experiments presented here the driving forces were indeed relatively low. The
blocking eﬀect is assumed to be equal for all {104} faces.
By measuring the length and the width of the calcite crystals at the starting point
and at the ﬁnal point, according to the deﬁnition of Figure 7.3(b), and dividing these
parameters by the growth time, the growth rates (r<100> and r<121>) are obtained.
The results for the solutions with diﬀerent driving forces are given in Table 7.2.
Very small crystals that could not be measured accurately were not included in the
Table 7.2: Results of growth at constant driving force. The number of counted
crystals (#cnt) is smaller than the total number of crystals (#total), because
too small crystals were excluded. The mean starting aspect ratio (<Astart> ) is
deﬁned as in Figure 7.3(b). In column X the percentage of crystals is given for
which the condition r<001> > r<121> is true. <r<100>> and <r<121>> are the
mean growth rates of the calcite crystals in the lattice matching direction and the
non-matching direction, respectively. The last column is the mean of the ratios of
the growth rates. Note the correlation between this ratio and the starting aspect
ratio.
∆µ/kBT
#cnt/
#total
<Astart> X <r<100>>
(µm/h)
<r<121>>
(µm/h)
< r<100>
r<121>
>
1.49± 0.05 26/33 2.01± 0.26 35% 0.25±0.04 0.28±0.05 0.93± 0.28
1.60± 0.05 32/42 1.93± 0.27 60% 0.22±0.04 0.21±0.06 1.12± 0.31
1.83± 0.05 28/37 1.76± 0.43 82% 0.26±0.08 0.19±0.09 1.53± 0.63
1.92± 0.05 22/28 1.95± 0.33 77% 0.36±0.06 0.33±0.05 1.11± 0.25
2.47± 0.05 20/28 1.92± 0.23 85% 0.69±0.07 0.49±0.18 1.73± 1.12
calculation of the mean values in Table 7.2. Crystals that partly grew out of the ﬁeld
of the camera were excluded as well.
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Figure 7.9: Micrographs of calcite crystal growth at a driving force of ∆µ/kBT
= 1.60 ± 0.05. (a) Optical micrograph. Starting situation (400×, scalebar =
10µm). (b) Optical micrograph. Final situation after 18 hours and 45 min.
(400×, scalebar = 10µm). (c) Scanning Electron Micrograph of the ﬁnal situation
(1200×, scalebar = 10µm). Note the rough faces of the crystals, which cannot be
observed with the optical microscope.
Since it was impossible to measure the growth rates of the individual {104} faces
directly, it is necessary to express equation 7.2 in terms of the measured growth rates
(r<100> and r<121>):
r<100> = α(r114 + r104) + β(r104 + r11¯4¯) (7.7)
r<121> = γ(r014 + r014) (7.8)
The parameters α, β and γ account for the diﬀerent orientations of the faces and
are related to the shape of the crystal, i.e. the Wulﬀ distance of the {012} face
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combined with the Wulﬀ distances of the {104} faces. Both vary in the growth stage
and therefore the values of α, β and γ cannot be determined. A necessary, though
less stringent, condition for equation 7.2 to be true is:
r<100> > r<121> (7.9)
independent of the values of α, β and γ.
The results of Table 7.2 show that in general the conditions of equation 7.9 are met,
because in most cases r<100> > r<121>, although the standard deviations are so large
that this conclusion is not very strong. When the growth rates of all the individual
crystals in the two directions are compared, the relationship of r<100> > r<121> holds
for most of the crystals. Only for a driving force of ∆µ/kBT = 1.49, less than 50% of
the crystals obey equation 7.9. This suggests, even with the high standard deviations,
that equation 7.9 is obeyed. Although there is no strong evidence that the conditions
of this equation are met, the results of Section 7.1 have clearly shown that the calcite
crystals are elongated.
7.4 Conclusions
In this paper it has been demonstrated that calcite crystals that are nucleated with
the {012} face on SAMs of MHA show a non-equilibrium, elongated shape in the
direction of the lattice match between the calcite {012} face and the SAM. The
equilibrium shape of calcite crystals is a rhombohedron made up of the {104} faces.
This equilibrium shape is clearly not obtained for calcite crystals epitaxially nucleated
on SAMs, which is attributed to an inﬂuence of the substrate on the growth rates or
the shape of the nucleus. Because the shape of the nucleus, as well as of very small
crystals, cannot be experimentally observed, we have formulated a criterion for an
explanation that assumes that only an anisotropy of the growth rates is responsible
for the observed elongated shapes of the calcite crystals.
To test this criterion, the growth rates of the crystals have been measured in a
series of well-deﬁned constant driving forces. Although these measurements showed
an anisotropy in growth rates they did not reveal a clear conﬁrmation of our proposed
growth model because of the large experimental error. Nevertheless, there is evidence
that there is an anisotropy in the growth rates caused by the substrate because an
elongated nucleus as the only cause for the deviation from the equilibrium shape would
lead to isotropic crystals for the crystal sizes found in the experiment. However, the
anisotropy in the growth rates that was experimentally observed is probably too
small to account for the measured aspect ratios of fully grown crystals. This leaves
the possibility open of a combination of elongated nuclei with anisotropic growth rates
as a result of the substrate.
It should be noted that there are no data available for the growth rates of the
crystal faces immediately after the nucleation has occurred. It is possible that the
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inﬂuence of the substrate is larger for a solution with higher driving force than for a
solution with lower driving force. In this way the initial growth of the crystal deter-
mines the elongated shape of the crystals, which would agree with our measurement
at ∆µ/kBT = 2.47. As has been mentioned in the discussion of the results, it is very
diﬃcult to measure in solutions with such a high driving force for a long time when
it is required to keep the driving force constant (growth experiments typically take
15−20 hours). A diﬀerent setup, with separate reservoirs of CaCl2 and NaHCO3,
might solve this problem, although the inﬂuence of the pH on the driving force is so
large that it is of extreme importance to keep the pH stable within 0.02 units.
Another possible experimental artefact that has not been taken into account is
the inﬂuence of the ﬂow rate on the growth rates. Ideally the growth rate is not
controlled by mass transport and for this reason the ﬂow rate should be suﬃciently
high to maintain a constant driving force. Although it was assumed that our ﬂow
rate was suﬃciently high to do so it is recommended to verify our assumption by
measuring the growth rates for diﬀerent ﬂow rates.
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Figure 7.10: Photos of experimental setup
CHAPTER 8
pH as a Master Parameter for the Controlled Nucleation of
Calcite
The controlled nucleation of inorganic crystals on organic substrate is of funda-
mental interest for both biologists, who study the process of biomineralization, and
materials scientists, who use a biomimetic approach to create new materials with
superior physical and chemical properties. One of the materials that has drawn a
large attention in the literature is calcite, because of its abundance in nature and its
easy fabrication in the laboratory. Although a lot of work has been carried out in
understanding the parameters that control the oriented nucleation of calcite, most of
this work has focused on ﬁnding templates that lead to the highest degree of control
of the orientation of the nucleation. In biological systems and in materials science it is
important, however, to control the location where the crystals nucleate and the ratio
between the numbers of crystals nucleated on the substrate and in the solution. In
this chapter we will demonstrate that the pH of the solution from which the crystals
are precipitated, combined with the pKa value of the substrate, determines both these
factors. We will show that for an optimal control of the nucleation the precipitation of
calcium carbonate has to occur below a certain threshold pH. This means that for any
solution composition there is a well-deﬁned regime of the pH at which the substrate
exerts a maximum control. We will show in this paper that a small change of pH of
less than a tenth of a pH can have a drastic eﬀect on the nucleation rates, both in
solution, but even more on acidic substrates, leading to a control over the nucleation
site. In biological systems the pH is usually controlled with a precision of less than a
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tenth of a pH unit, but in a laboratory experiment this precision is diﬃcult to obtain
without the use of buﬀers. Furthermore, the interfacial area to volume ratio should
be large in order to gain control over the nucleation process. Although the theory we
present here is based on our experience with the controlled nucleation of calcite on
carboxylic acid terminated templates1,2 it can be applied to any inorganic material
of which the concentration of the anion depends on the solution pH (CO3, SO4, PO4)
and to any substrate, which has weak acids as functional groups.
Theoretical Model
The nucleation rate (J) of any species in a supersaturated solution is given by:
J ∝ V
Ω
exp
(
∆µ
kBT
− ∆G
∗
kBT
)
(8.1)
where the driving force (∆µ/kBT ) of the solution and the nucleation barrier (∆G∗)
both depend on the solution pH. The factor V/Ω (Experimental volume/volume of the
growth unit, which is proportional to the number of nucleation sites) shows that the
nucleation rate scales linearly with the volume of the experimental system. The nu-
cleation barrier is a function of the supersaturation and the surface/interfacial energy.
The homogeneous nucleation rate will be independent of the nature of the substrate,
whereas the heterogeneous nucleation rate will be determined by the interfacial en-
ergy between the crystal and the substrate. The relation between the homogeneous
and the heterogeneous nucleation barrier can be calculated by using the work of Liu3
and Mutaftschiev4 who have described nucleation on a ﬂat substrate with a function
f(m), which this gives:
∆G∗hetr = f(m)∆G
∗
homo = f(m)
16πγ3Ω2
3 (∆µ)2
(8.2)
for a spherical nucleus with surface free energy γ and the volume of the growth unit
Ω. By assuming a spherical nucleus that is cut by the substrate in the geometry
depicted in Figure 8.1, and with the help of the goniometric equations for the surface
area, the interfacial area and the volume of such a spherical cluster, an equation for
f(m) can be obtained by assuming that :
cos θ ≈ m = β − γcf,int
γcf,surf
(8.3)
where β is the adhesion free energy between the calcite/template interface, γcf,int is
the surface free energy of the same calcite face in contact with water and γcf,surf is
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Cluster (c)
Substrate (s)
Fluid (f)
θ
ψ
r
Figure 8.1: Schematic drawing of a spherical nucleus on a ﬂat substrate. By
using the contact angle approach the ratio between the interfacial energy and the
surface free energy (m ≈ cos(θ)) determines the volume, the interfacial and the
surface area of the cluster.
the surface free energy of the faces which are not in contact with the template. This
results in:
f(m) =
m3 − 3m + 2
4
(8.4)
The only parameter in the function f(m) that is a function of pH is the adhesion
free energy (β), which varies with pH as a result of the diﬀerent ionization degrees
of the sample at diﬀerent pH.5–9 In Figure 8.2(a) the ionization degree for a sample
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Figure 8.2: (a) Ionization degree of a weak acid with pK a = 7.4. (b) Plot of m
versus pH for a sample with a maximal match of m = 1/3. (c) Plot of f(m) versus
pH for a sample with a minimum nucleation barrier with f(m) = 0.26 (m = 1/3)
with an arbitrarily chosen pKa-value of 7.4 is shown. In Figure 8.2(b) the variation
in the factor m is plotted as a function of the solution pH and in Figure 8.2(c) the
function f(m) is plotted for the resulting m-values. To describe the relation between
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m and the pH of the solution the general formula was used that describes the adhesion
between two interfaces as a function of pH:10
β = A
(
10−pH
10−pKa + 10−pH
)
+ B (8.5)
where A and B are determined by assuming that m = −1 for an unionized template
(= homogeneous nucleation, because interfacial energy equals surface free energy) and
the match between the template and the crystal, which determines the value of m
in the case of a fully ionized template (ﬁxed value for a given experimental system).
The second term in equation 8.2 that depends on the pH is the driving force for
nucleation:11
∆µ
kBT
= ln
({CO2−3 }{Ca2+}
Ksp
)
∝ ln ([Ca2+][CO2−3 ])+ C (8.6)
with:
[CO2−3 ] = CT
(
[H+]2
K1K2
+
[H+]
K2
+ 1
)−1
(8.7)
where we use the dependency of [CO2−3 ] as a function of the pH for a closed system
with a ﬁxed total carbonate content (CT = [CO2] + [H2CO3] + [HCO−3 ] + [CO
2−
3 ]).
The activities ({Y }) of the species Y depend on the ionic strength of the solution
({Y } =fY (I)[Y ]). These equations show that the nucleation rate depends strongly
on the pH of the solution, because both the pre-exponential factor and the nucleation
barrier depend on the pH. When the equation for the interfacial energy that depends
on the pH is inserted in f(m), we obtain for the nucleation rate:12
Jhetr ∝ AΩ2/3 exp
(
∆µ
kBT
− P f(m)
∆µ2
)
(8.8)
with:
P =
16πγ3Ω2
3kBT
(8.9)
which is constant at constant temperature and A/Ω2/3 is proportional to the number
of nucleation sites for heterogeneous nucleation. By taking m = −1 (f(m) = 1) the
exponential factor of the homogeneous nucleation rate is obtained. The degree of
control that the substrate has on the crystallization depends on the ratio between
heterogeneous and homogenous nucleation, and therefore we deﬁne a control factor
(X) that varies between 1 and 0:
X =
Jhetr
Jhetr + Jhomo
=
[
1 +
(
V
AΩ1/3
)
exp
(
−P
(
1− f(m)
∆µ2
))]−1
(8.10)
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where the factor
(
V/AΩ1/3
)
is the result of the dependence of the nucleation rates
on the number of available nucleation sites for homogeneous and heterogeneous nu-
cleation. In Figure 8.3 the function X is plotted for diﬀerent pKa-values. All other
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Figure 8.3: Plots of X = Jhetr/(Jhetr + Jhomo) for diﬀerent pKa-values with
experimental values taken from the nucleation experiments of Chapter 6, where
V = 0.5 l, A = 120 mm2, Ω = 58.06 × 10−30 m3, m = 1/3, γ = 97 mJ/m2 and
[Ca2+] = CT = 15 mM.
parameters were taken from the experimental values used in Chapter 6. The expo-
nential nature of the control factor results in drastic changes as a result of relatively
small changes in the pKa-value of the substrate. This unpredictable behavior is also
observed when other parameters are varied. Therefore it is necessary to verify our
hypothesis with accurate experimental data for biological systems. It is possible,
however, to describe some general behavior of the control factor.
The eﬀect of the ionization of the substrate as a function of the pH is the strongest
for solutions with a relatively low pH and with a large surface area of the substrate
with respect to the volume of the solution. The result of this is that for high pH and
a large experimental volume the contribution of homogeneous nucleation in the total
nucleation rate increases, leading to a decrease in the control factor X. In biological
systems the pH is usually around 7, which is suﬃciently low to suppress homogeneous
nucleation. When regions with diﬀerent pKa-values are present on the same substrate,
the regions with the lowest pKa-value will enhance the heterogeneous nucleation more
eﬀectively. This eﬀect leads to a control over the nucleation site when a local control
of the pKa-value of the substrate is possible.
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Furthermore, in biological systems the nucleation often takes place in vesicles with
acidic membranes that are used to control the heterogeneous nucleation. Small vesicles
have a relatively large surface area and a small volume, leading to a higher degree of
control over the nucleation. These observations seem to conﬁrm our hypothesis that
the pH is of critical importance in the control of heterogeneous nucleation of calcite,
but experimental data from biological systems are needed to verify our theory.
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APPENDIX A
Pitzer Theory of Electrolytes
The activity coeﬃcient calculated by the Pitzer theory are used in Sections 3.1.3, 5.1, 6.2.1
and 7.2.1 to calculate the activities of the species in solutions with well-deﬁned driving
forces.
The activity coeﬃcient for the Pitzer model is given by:
ln fX =|z+|2
{
−Aφ
[ √
I
1 + 1.2
√
I
+
2
1.2
ln
(
1 + 1.2
√
I
)]
+
∑
c
∑
a
mcmaβ
′′
ca
+
∑
c
∑
c′′
mcmc′′φ
′′
cc′′ +
∑
a
∑
a′′
mama′′φ
′′
aa′′
}
+
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a
ma
{
2βXa +
1
2
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c
mc|Zc|+
∑
a
ma|Za|
)
Xa
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c
mc
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(A.1)
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ln fY =|z−|2
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(A.2)
where the subscripts X, c and c′′ represent cationic species and the subscripts Y, a and
a′′ anionic species. The summation indices a and c denote the sum over all anionic
and cationic species and a′′ and c′′ denote the sum over all distinguishable pairs of
dissimilar anionic and cationic species. From these formulas it can be easily seen that
the activity coeﬃcients depend on the concentrations of, for example, the carbonate
ions, but the concentrations of the carbonate ions depend on the pH and the rate
constants which themselves depend on the activity coeﬃcient. This means that the
correct values for the activity coeﬃcients has to be found in an iterative way. For-
tunately the values of f converge fast and after a few iterations a constant value is
obtained. The other parameters (Aφ, βij , φij , ij and ψijk) are given by the following
equations.
The Debye Hu¨ckel parameter Aφ is given by:
Aφ = 0.3770 + 4.684× 10−4 (T − 273.15) + 3.74× 10−6 (T − 273.15)2 (A.3)
For 1 : 1 (e.g. NaCl), 1 : 2 and 2 : 1 (e.g. CaCl2) electrolytes:
βij = β
(0)
ij + β
(1)
ij


2(
2
√
I
)2 [1− (1 + 2√I) exp(−2√I)]


β′′ij =
β
(1)
ij
I
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−2(
2
√
I
)2

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(
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√
I
)2
2

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(A.4)
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For 2 : 2 (e.g. CaCO3) electrolytes:
βij = β
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ij + β
(1)
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For all electrolytes:
ij =
φij
2
√|ZiZj | (A.6)
φ and ψ account for interactions between ions with the same sign. The second virial
coeﬃcients φij are:
φij = θij + Eθij φ′′ij =
Eθ′′ij (A.7)
where φij is a single parameter for each pair of anions or cations. The terms Eθij
and Eθ′′ij account for the electrostatic un-symmetric mixing eﬀects and they are zero
when the ions i and j are of the same charge. They are given by:
Eθij =
( |ZiZj |
4I
)[
J(xij)− 0.5J(xii)− 0.5J(xjj)
]
Eθ′′ij =
(−Eθij
I
)
+
( |ZiZj |
8I2
)[
xijJ
′′(xij)− 0.5xiiJ ′′(xii)− 0.5xjjJ ′′(xjj)
] (A.8)
with:
xij = 6|ZiZj |Aφ
√
I (A.9)
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and:
J(x) = x
[
4 + 4.581x−0.7237 exp
(−0.0120x0.528) ]−1
J(x)′′ =
4 +
[
4.581x−0.7237 exp
(−0.0120x0.528) ][0.006336x0.528 + 1.7237][
4 + 4.581x−0.7237 exp (−0.0120x0.528)
]2
(A.10)
The 3rd virial coeﬃcient mixing parameters ψijk are assumed to be independent of the
concentration, i and j are diﬀerent anions (or cations), and k is a cation (or anion).
The values of the ion interaction parameters (β(0)ij , β
(1)
ij , β
(2)
ij , 
φ
ij , θij and ψijk) used in
equations A.3−A.10 are given in tables A.1−A.3
Table A.1: Interionic interactions
i j β
(0)
ij β
(1)
ij β
(2)
ij 
φ
ij
Na+ Cl− 0.0765 0.2644 0 0.00127
Na+ OH− 0.0864 0.253 0 0.0044
Na+ HCO−3 0.0277 0.0411 0 0
Na+ CO2−3 0.0399 1.389 0 0.0044
Ca2+ Cl− 0.3159 1.614 0 −0.0034
Ca2+ OH− −0.1747 −0.2303 −5.72 0
Ca2+ HCO−3 0.40 2.977 0 0
Ca2+ CO2−3 0 0 0 0
H+ Cl− 0.1775 0.2945 0 0.0008
H+ OH− 0 0 0 0
H+ HCO−3 0 0 0 0
H+ CO2−3 0 0 0 0
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Table A.2: Cationic interactions
i j θij ψijCl− ψijOH− ψijHCO−3
ψijCO2−3
Na+ Ca2+ 0.07 -0.007 0 0 0
Na+ H+ 0.036 -0.004 0 0 0
Ca2+ H+ 0.092 -0.015 0 0 0
Table A.3: Anionic interactions
i j θij ψijNa+ ψijCa2+ ψijH+
Cl− OH− −0.050 −0.006 −0.025 0
Cl− HCO−3 0.03 −0.015 0 0
Cl− CO2−3 −0.02 0.0085 0 0
OH− HCO−3 0 0 0 0
OH− CO2−3 0.10 −0.017 −0.01 0
HCO−3 CO
2−
3 −0.04 0.002 0 0
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APPENDIX B
Synthesis of Thiol Molecules
The syntheses presented in this appendix were used in Section 5.2 to investigate the
eﬀect of SAMs of thiols with odd and even chain length.
Materials and methods
DMF was dried over BaO for one week and then distilled in vacuum; the ﬁrst 30% of
the distillate was disposed. Dichloromethane and methanol were distilled from CaH2.
All other solvents and chemicals were commercial materials and used without puriﬁ-
cation. Merck Silica Gel (60H) was used for column chromatography and Merck Silica
Gel F254 plates for thin layer chromatography. 1H NMR spectra were recorded on
Bruker AMX-300 and Varian INOVA 400 instruments. Chemical shifts are reported
in ppm downﬁeld from internal (CH3)4Si (0.00 ppm). Abbreviations used are: s =
singlet, t = triplet, q = quartet, m = multiplet, br = broad.
Syntheses
8-Mercaptooctanoic acid: Bromooctanoic acid (300 mg, 1.35 mmol) was dissolved
in dimethylformamide (3 mL). To this stirred solution was added dropwise a solution
of sodium thiophosphate dodecahydrate (1.1 g, 2.78 mmol) in water (12 mL). After 5
h, aqueous 1N HCl was added until the pH was 4. The mixture was stirred overnight.
Dichloromethane (50 mL) was added, and the organic layer was extracted with aque-
ous 1N HCl (100 mL), with a saturated aqueous NaCl solution (100 mL), and evapo-
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rated to dryness. The crude product was puriﬁed by column chromatography (eluent:
dichloromethane/methanol 99:1, v/v) to yield 172 mg (73%) of 8-mercaptooctanoic
acid as a pale oil which solidiﬁed upon storage at −18◦ C. 1H NMR (300. 13 MHz,
CDCl3) δ 10.35 (br s, 1H, COOH), 3.40 (t, 1H, SH, 3J = 6.9 Hz), 2.52 (q, 2H, CH2SH,
3J = 7.5 Hz), 2.35 (t, 2H, CH2COOH, 3J = 7.2 Hz), 1.60 (m, 4H, CH2CH2COOH
and CH2CH2SH), 1.40 (m, 6H, CH2) ppm.
15-Mercaptopentadecanoic acid: Bromopentadecanoic acid (320 mg, 1.00 mmol)
was dissolved in dimethylformamide (4 mL). To this stirred solution was added drop-
wise a solution of sodium thiophosphate dodecahydrate (790 mg, 2.00 mmol) in water
(8 mL). The resulting slurry was stirred for 72 h while increasing the temperature
from 25 to 50◦ C. Aqueous 1N HCl was then added until the pH was 4, and the
mixture was stirred overnight. Dichloromethane (50 mL) was added, and the organic
layer was extracted with aqueous 1N HCl (100 mL), with a saturated aqueous NaCl
solution (100 mL), and evaporated to dryness. The crude product was puriﬁed by
column chromatography (eluent: dichloromethane/methanol 99:1, v/v) to yield 172
mg (73%) of 15-mercaptopentadecanoic acid as a pale yellow solid, which was stored
at −18◦ C. 1H NMR (400. 13 MHz, CDCl3) δ 10.5 (br s, 1H, COOH), 2.52 (q,
2H, CH2SH, 3J = 7.4 Hz), 2.33 (t, 2H, CH2COOH, 3J = 7.3 Hz), 1.67−1.54 (m,
4H, CH2CH2COOH and CH2CH2SH), 1.45 − 1.20 (m, 20H, CH2), 1.33 (t, 1H, SH,
3J = 7.5 Hz) ppm.
APPENDIX C
Area and Volume of Calcite as a Function of m
The results in this appendix are necessary to calculate F (mfac) for spherical and
faceted crystals as described in Section 6.1.2. Furthermore equations are provided for
the shape related normalization constants of Chapters 6 and 7.
Faceted Clusters
The shape constant of the volume of a calcite rhombohedron is given by:
AV (mfac) = 8.767

1− sin3
(
π
(
mfac+1
4
))
2 sin3
(
π
4
)

 for − 1 ≤ mfac ≤ 0(C.1)
AV (mfac) = −8.767

 sin3
(
π
(
mfac−1
4
))
2 sin3
(
π
4
)

 for 0 ≤ mfac ≤ 1 (C.2)
(C.3)
and the surface areas of the {104} faces and the {012} face are given by:
AS104(mfac) = 26.29 sin
2
(
π
(
mfac − 1
4
))
(C.4)
AS012(mfac) = 2.62
[
sin2
(
π
(
mfac − 1
2
))
+ sin4
(
π
(
mfac − 1
2
))]
(C.5)
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The normalization parameter for mfac can be calculated with the known geometry
of a calcite rhombohedron and is given by:
α =
3h104 sin 37◦
sin 78◦ cos 14◦
= 1.90228.. (C.6)
The normalization factor for the aspect ratio of Figure C.1 is:
Aspect =
A cos(37◦)
2B cos(39◦)
=
A
1.95B
(C.7)
B
A
Aspect = A/(B*1.95)
{012}
Figure C.1: Measured aspect ratio of calcite crystals when individual faces can
be recognized. The angle of 37◦ is the angle of the ribbon B with the {012} face.
The computer generated calcite crystal in this image has an aspect ratio of the
{104} faces of unity.
Spherical Clusters
The shape constant of the volume of a sphere is given by:
AV (msph) =
1
3
πr3(2 + msph)(1−msph)2 (C.8)
With AV (msph) normalized to the faceted cluster this gives r = 1.279 and the surface
areas are calculated with:
AS104(msph) = 2πr
2(1−msph) (C.9)
AS012(msph) = πr
2(1−m2sph) (C.10)
for the same value of r. Plots of all these functions are given in Figure C.2
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Figure C.2: (a) The volume constant of the faceted and spherical cluster as a
function of mfac = h012/αh104 The volume of the sphere is normalized to the
volume of a rhombohedron with h104 = 1. The resulting radius of the sphere
is used to calculate the surfaces of the spherical cluster. (b) The {104} surface
and the {012} interfacial area constants of the faceted and the spherical cluster
as a function of mfac = h012/αh104. Strictly speaking there is no {104} surface
area in a sphere but in this case the crystal/ﬂuid interfacial area is meant. The
values are calculated with a algorithm that uses the known geometry of the calcite
rhombohedron and a sphere cut oﬀ by the substrate.
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APPENDIXD
List of Symbols and Abbreviations
Symbol Explanation
Aexp Experimental substrate area
A Aspect ratio of calcite crystals nucleated on a {012} face
α, β, γ Angles that deﬁne the unit cell of a crystal
a,b, c Length of the unit cell vectors in direct space
a∗,b∗, c∗ Length of the unit cell vectors in reciprocal space
α Normalization factor for m
β Adhesion free energy = the work required to separate two phases
ci Concentration of the ion i
ci Standard concentration (1 M)
CT Total carbonate content (CT = [CO2] + [H2CO3] + [HCO−3 ] +
[CO2−3 ])
dhkl Distance between the crystallographic planes with diﬀraction
indices hkl
 Dielectric constant
γcf Surface free energy
γab,hkl Interfacial energy between the phase a and b where one of the
phases is crystalline and aligned with the plane {hkl} to the
other phase.
fY Activity coeﬃcient
Continued at next page147
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Symbol Explanation
G Vector in direct space
G∗ Vector in reciprocal space
G Gibbs free energy
∆G∗ Nucleation barrier
hhkl Wulﬀ distance of the crystal plane with Miller indices hkl
[hkl] Vectors in the direction hkl in direct space
< hkl > Set of vectors with direction hkl in direct space and those with
the same symmetry
(hkl) Crystallographic plane with Miller indices hkl
{hkl} Set of crystallographic planes with Miller indices hkl that have
the same symmetry
I Ionic strength
J Nucleation rate (Number of nucleation events per second)
kB Constant of Boltzmann = 1.38×10−23
K Equilibrium constant (Valid at I = 0)
K ′ Mixed equilibrium constant (Valid at I = 0)
KW Equilibrium constant of equilibrium between H+ + OH− and
H2O (− logKW = 14.16 at I = 0 and T = 293 K)
K1 Equilibrium constant for the equilibrium between H2CO∗3 and
HCO−3 + H
+ (− logK1 = 6.38 at I = 0 and T = 293 K)
K2 Equilibrium constant for the equilibrium between HCO−3 and
CO2−3 + H
+ (− logKW = 10.38 at I = 0 and T = 293 K)
Ksp Solubility product (− logKsp = 8.54 for calcite at T = 293 K)
λ Constant in Wulﬀ distances that takes into account the absolute
size of a crystal
m Parameter that deﬁnes the match between a crystal and the
substrate in the case of heterogeneous nucleation
MHA 16-mercaptohexadecanoic acid
MPA 15-mercaptopentadecanoic acid
MUA 11-mercaptoundecanoic acid
MOA 8-mercaptooctanoic acid
M Mole per liter
µ Chemical potential
νi Stoichiometric constant of species i
n∗ Number of growth units in critical cluster
N Number of particles
Nn Number of clusters with size n
ψ angle
Q Reaction coeﬃcient or partition function.
Continued at next page
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Symbol Explanation
ρ Density
r Radius of a sphere
rhkl Growth rate of the crystal face with Miller indices hkl
r<hkl> Growth rate of the crystal in the set of directions with the same
symmetry as [hkl]
R Gas constant
SAM Self-Assembled Monolayer
SEM Scanning Electron Microcopy
Sab Interfacial area between phase a and phase b
θ Angle
T Absolute temperature
Vexp Experimental volume
Vc Volume of cluster on substrate or in solution
XRD X-Ray Diﬀraction
X Control factor for heterogeneous nucleation varying between 1
and 0
X The percentage of crystals for which the condition
r<001> > r<121> is true
[Y ] Concentration of species Y
{Y } Activity of species Y
ω angle
Ω Volume of a growth unit (= 58.06× 10−30 m3 for calcite)
Zi Valence of ion i
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CHAPTER 9
Knowledge Creation in a University Research Institute
”Some of the riskiest work we do is concerned with altering organization structures.
Emotions run wild and almost everyone feels threatened. Why should that be? The
answer is that if institutions do not have strong notions of themselves, people’s only
security comes from where they live in the organization chart. Threaten that and in
the absence of some grander corporative purpose, you have threatened the closest
thing they have in their lives” 1
9.1 Introduction
What is the purpose of science? Many scientists will answer that science leads to the
creation of knowledge. For some scientists this answer suﬃces; others will argue that the
created knowledge can be used in applications. A general deﬁnition of the purpose of
science that includes both of these opinions is provided by Ro¨rsch2 who states that:
• Science leads to an increase of knowledge and insight
• Society beneﬁts from the application of this knowledge and insight
This deﬁnition suggests that knowledge has to be created before it can be applied. Al-
though it is debatable whether drawing a sharp line separating the creation of knowledge
from its application is possible or at all useful, the above deﬁnition shows that at least
there is a relation between the knowledge creation process and applications. The central
theme of this study is the process of the generation of knowledge. This process, however,
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is closely connected to application of knowledge since knowledge creation and knowledge
application go hand in hand in most real life situations.
Knowledge can be created in many diﬀerent environments and much work has been
carried out on deﬁning these diﬀerent environments and their speciﬁc circumstances.3–5
This study focuses on university research institutes as an environment in which knowledge
and insight is produced, because we assume that a primary task of universities is the cre-
ation of knowledge by doing research. The question remains whether university research
institutes should apply the knowledge they created. The deﬁnition of the purpose of sci-
ence mentioned above applies to the role of science in the entire world. When considering
the situation for a small country such as the Netherlands, it is clear that the Dutch scien-
tiﬁc community is unable to produce the knowledge needed since it contributes in volume
to about 1% of the worldwide knowledge production.2 Although the work of Ro¨rsch dates
from some 20 years ago there is no reason to question his estimation since no sudden
changes have taken place since then. With huge eﬀort, this number could be doubled,
but it will not be enough by far to provide the Dutch society with suﬃcient knowledge.
So why do we do science in the Netherlands? If our contribution to the total worldwide
production of knowledge is so small and we need the work of others anyway why bother to
invest money in it? The answer lies in two important considerations that are provided by
Ro¨rsch.2 The ﬁrst is that access to knowledge, produced by others, can only be obtained
when you are a knowledge producer yourself, since it takes knowledge to gain and create
new knowledge.6 The second consideration is that although the knowledge creation itself
is not suﬃcient it is important to have highly educated and specialized people in a country
that can provide education to others. The latter is one of the reasons that in a university
education and research are so closely connected since only the highest educated people
(researchers) are able to provide the highest level of education.
These considerations provide the context in which a university research institute has
to operate. It is not only responsible for knowledge creation but it is also responsible for a
network with other knowledge creators and it has to provide highly educated people that
can use their skills to beneﬁt society. It is obvious that these tasks can only be fulﬁlled
when an organization is created that is able to perform these tasks optimally. Such
an organization needs a management that provides circumstances allowing the creation
of knowledge and the formation of networks to obtain knowledge generated elsewhere.
Furthermore, the organization carries the responsibility of knowledge transfer.
From a management perspective, however, it is crucial to understand that it is very
diﬃcult to manage the knowledge creation process directly. This is due to the well es-
tablished relation between knowledge creation and freedom and autonomy.7 This relation
shows that there is the risk of a ‘tension’ between knowledge creation and management
since management tends to decrease freedom and autonomy. Any positive inﬂuence of
management on creative processes is merely indirect and some examples are supervisory
encouragement, work group support, adequate accessibility of resources, and an absence
of undue workload pressure. The relation between interventions (management) and the
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primary process of knowledge creation are the object of many studies since it is of obvious
interest to have a successful knowledge creation process within the organization that is
being managed. Most studies to date are focused on investigating the knowledge creation
process within companies. For university research institutes the criteria for a good per-
formance, quality, funding and collaborations with industry have been investigated, but
criteria for a successful knowledge creation process have not. This study therefore pro-
vides a ﬁrst attempt in uncovering the particular conditions and criteria for the knowledge
creation process in university research institutes.
The central purpose of this study is to determine the criteria for success for a partic-
ular research institute if that research institute is perceived as a ‘knowledge creating
company’.8 In other words: How does an understanding of the knowledge creation
process help us to deﬁne a successful university research institute?
In order to do this, the critical success factors for the knowledge creation process in a
university research institute are determined. It goes without saying that there are other
critical success factors for such an institute, but we will focus on those related to the
knowledge creation process since we perceive a university institute as a knowledge creat-
ing organization. We studied the knowledge creation process through the SECI model,
introduced by Nonaka8–11 and based on their experiences from a broad range of compa-
nies. This SECI model assumes that knowledge creation takes place during interactions
between people which can be categorized by: Socialization, Externalization, Combination
and Internalization. Each of these categories has a speciﬁc (mental or physical) environ-
ment in which it takes place. It is our purpose to deﬁne these environments and to observe
in which form these processes take place in a university research institute. Although the
SECI model is frequently used in the analysis of knowledge management in companies, it
is questionable whether it can be applied to university research institutes since knowledge
production is the main output of the organization in this case and in most companies the
knowledge creation process is a tool and not the purpose.
The critical success factors provide handles for successful management of the knowl-
edge creation process in the institute. These handles for successful management are not
the aim of this study, but the motivation for the central question of this study is related
to the diﬃculty in managing research institutes. An important question for management
is whether critical success factors for the knowledge creation process are implemented in
the organization or not. When they are not, the management of the organization can
play a role by intervening and providing an environment to improve the situation. The
question is of course: how? In case the critical success factors are implemented, it is
useful to study the reasons why and how they are implemented to describe the role of the
management, which might provide cases of best practices.
The method we have used to determine the critical success factors for the knowledge
creation process in a university institute is a case study of the Institute of Molecules and
Materials (IMM) of the Radboud University Nijmegen. An in-depth study of one institute
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allows us to describe the current (and desired) state of the knowledge creation process of
this institute. A second motivation for a case study is to verify whether the SECI model
can be applied to an organization that is a purely ‘knowledge creating company’.
9.2 Theoretical Background
9.2.1 Success: a Driving Force for Scientists
An important tool in determining the viability of a system is Ashby’s model of essential
variables.12 The idea behind the theory of essential variables is that there are minimal
criteria a system should meet in order to produce the output required. Critical success
factors are similar to essential variables but more applicable to social systems such as
organizations.13–17 Critical success factors are deﬁned as: ”those few performance mea-
sures which, if they are satisfactory, will ensure successful competitive performance for
the organization.”18 In large companies, knowledge and knowledge management is often
one of the critical success factors. The use of critical success factors in describing the
success or viability of an organization is very useful since it provides the management of
an organization with tools to measure performance. Therefore, much research has been
carried out to evaluate and discuss the value of critical success factors as a measure of
success.19,20 In a scientiﬁc institute such as the IMM input and output are not very well
deﬁned, although it seems reasonable to assume that in a scientiﬁc institute knowledge
is created and therefore knowledge is one of the outputs of such an institute. We can
thus consider the IMM as a knowledge creating organization and therefore try to identify
the critical success factors of the knowledge production process itself. Achterbergh et
al.21 have looked for critical success factors of knowledge creation, which has produced a
good overview of the weak and strong points in the knowledge creation process within an
organization. To determine the critical success factors for the IMM we assumed that the
main driving force for scientists is to be a good scientist, or, in other words, a successful
scientist.
The success of an individual scientist is directly related to the organization he works
for. Let us assume that the purpose of the organization (university research institute) is to
produce knowledge. In order to do this input (knowledge) is needed, which is transformed
into output (‘new’ knowledge) by a knowledge creation process. It is this process that
is central in this thesis. The management of an organization can inﬂuence this process
directly or the input of the knowledge creation process. As discussed above it is diﬃcult
to manage the knowledge creation process directly, but by inﬂuencing the environment in
which the knowledge creation takes place, the process can be managed. The output of the
knowledge creation process is an indicator for the management whether the organization
meets its requirements. The organization can be described by a system diagram in which
the people are scientists that work for IMM and the management is the IMM board, group
leaders etc. (see Figure 9.1).
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Input:
Knowledge
Output:
"new" knowledge
Transformation = 
knowledge creation
Management
People
Figure 9.1: System model of an organization where the transformation process (here: the
creation of ‘new’ knowledge) is the added value an organization creates.
9.2.2 What is Knowledge?
To identify the critical success factors in the knowledge creation process we ﬁrst have to
explain what we mean by knowledge. There is much literature on the subject of knowl-
edge and what knowledge is.22–25 However, there is no single deﬁnition of knowledge that
covers all the diﬀerent opinions of what knowledge is, and the debate on this subject will
probably never come to an end. To understand the SECI model of Nonaka, which we
will use in this study, some parts of the discussion of what knowledge is are relevant and
therefore we will focus on those aspects of knowledge. First, the diﬀerence between tacit
and explicit knowledge is explained. Second, the diﬀerence between individual and col-
lective knowledge. Polanyi introduced the term ‘tacit knowledge’ because in his opinion
”We know much more than we can tell.”26 Although he does not mention the diﬀer-
ence between tacit and explicit knowledge, since he considers only the tacit dimension
of knowledge, other authors have worked out the diﬀerence between tacit and explicit
knowledge.27 This diﬀerence is explicitly used in the SECI theory of Nonaka in which it
is assumed that knowledge is present in two distinct forms:
Tacit knowledge, often referred to as know-how,28 is the knowledge that resides in our
heads and in our practical skills and actions.5
Explicit knowledge is knowledge that can be expressed in words and easily communi-
cated and shared in the form of hard data, scientiﬁc formulae, codiﬁed procedures,
or universal principles.9
One has to distinguish between tacit knowledge that escapes articulation/explication and
tacit knowledge which, for instance, does not deserve the eﬀort of being explicated or that
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for some other reason has not yet been articulated. However, it is a point of discussion
whether both types of ‘unarticulated tacit knowledge’ really exist.27,29–31
The second distinction that is made between diﬀerent forms of knowledge is the dif-
ference between individual and collective knowledge.32,33 In this distinction the collective
knowledge is an aspect of knowledge that is very context sensitive. In other words, col-
lective knowledge refers to knowledge that is present in a very speciﬁc context and is
not the mere sum of the knowledge of the individuals. If this distinction is combined
with the distinction in tacit and explicit knowledge, four diﬀerent forms of knowledge can
be distinguished that are complementary. All four categories are explicitly used in the
SECI model since it is based on the conversion from tacit to explicit knowledge through
interactions. This implies that there is a diﬀerence between tacit and explicit knowledge
and that there is more than one person (collective) involved.
How can we distinguish useful knowledge from useless knowledge. A necessary con-
dition of useful knowledge can be derived from the following quote from Myers: ”The
representation of knowledge can be mechanical, digital, visual and so forth. For knowl-
edge to provide a company with sustainable competitive advantage, such knowledge must
be independent from any given individual.”34 This quote deﬁnes explicit knowledge as
the most useful form of knowledge. However, it is clear that tacit knowledge can be
very useful to an organization as well. Polanyi assumes that knowledge without a tacit
dimension is no knowledge.26 These two point of views contradict somewhat, since the
former deﬁnition of useful knowledge states that only explicit knowledge is useful, while
the latter states that explicit knowledge is of no use without tacit knowledge that makes
the application of explicit knowledge possible.
An accurate deﬁnition of useful knowledge actually depends very much on the context.
If the success of a company depends on its ability to perform in the same way in many
diﬀerent (physical) environments it becomes very important to ensure that the knowledge
in the company is independent from the knowledge carrier. An example is the importance
for McDonalds to describe in detail how to make a hamburger since the purpose of the
company is to serve the same hamburger anywhere in the world. The only knowledge that
is useful to McDonalds is a clear description of the ingredients and the recipe to make
the hamburger.
When success of a company depends on its ability to be innovative and creative it is
a waste of eﬀort to make all available knowledge explicit, since creativity and innovation
are more inﬂuenced by the tacit knowledge people carry than by anything else.35 The
role of human resources in innovative companies is therefore of great importance since
the success of such an organization largely depends on its knowledge carriers. They can
actually provide a strategic advantage to companies that hire knowledge carriers since their
knowledge will not be available to competitors.35–37 A clear example of an organization
for which the tacit component of knowledge is of crucial importance is a cirque. There
is no way to make the tacit knowledge needed to do a circus act explicit. Therefore the
success of a cirque depends only on the tacit knowledge of its employees.
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The question of what useful knowledge is, is also discussed by Nonaka and Takeuchi9
who state that explicit knowledge can only be created by converting tacit knowledge to
explicit knowledge. Based on their experience they state that in Japanese companies
tacit knowledge is valued more, while in Western companies explicit knowledge is more
appreciated. They attribute this to a diﬀerence in culture between Japanese and Western
society.
9.2.3 The Knowledge Creation Process: SECI and Ba
”...establishment of a local infrastructure for management and organization that
fosters and stimulates the development of excellent research groups, enhances their
mutual interactions through selected investments in human and technical resources
on joint projects and maintains the focus of the research programme.” 38
It is impossible to discuss the knowledge creation process in an organization without
considering the SECI model of Nonaka and Takeuchi proposed in their famous book: ”The
knowledge creating company”.9 This book describes the knowledge creation process in
Japanese companies in terms of knowledge creation by interactions between people. It
has had a strong impact on the ﬁeld of knowledge management and basically deﬁned the
ﬁeld of management of the knowledge creation process. Since this model is so important
and widely accepted it makes sense to use it to study the knowledge creation process
in university research institutes. The model is based on knowledge creation processes
in companies where knowledge creation is usually one of the critical success factors and
almost never the main output of the company. In this section we will provide the reader
with a short introduction to the SECI model.
A diagram of the SECI model is shown in Figure 9.2. The enabling conditions (in-
Enabling Conditions   (Ba)
Intention
 (Goal Specificity)
Autonomy
 (Individual and Project)
Creative Chaos
Redundancy
 (Knowledge sets and tasks)
Requisite Variety
 (Environmental Scanning)
Knowledge 
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Socialization
Externalization
Combination
 Internalization
(Technical)
Knowledge
Creation
(Technological)
Objectives Met
Figure 9.2: Knowledge creation with the enabling conditions (Ba) the SECI process
and the new knowledge created as proposed by Nonaka and Takeuchi
tention, autonomy, creative chaos, redundancy and requisite variety) are general factors
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that enable the creation of knowledge. In a sense they can be seen as the critical success
factors of the SECI process.
9.2.4 SECI
The SECI process, which describes knowledge conversion from tacit knowledge to explicit
knowledge and vice versa, is the central process in the knowledge creation process of
Figure 9.2. This conversion process which is described by the SECI terms can be depicted
with the ‘knowledge creating spiral’ (Nonaka and Takeuchi9,39) and is shown in Figure 9.3.
The third dimension of this scheme is the total knowledge of an organization that increases
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Figure 9.3: The knowledge creating spiral as proposed by Nonaka and Takeuchi. The
conversion from tacit to explicit knowledge by interacting with others and vice versa
leads to the production of new knowledge.
over time.40 In order to describe the SECI terms some keywords for each of the terms are
given below:
Socialization: sharing experiences, observing, imitating, brainstorming without criticism
Externalization writing it down, creating metaphors and analogies, modelling
Combination: sorting, adding, categorizing, methodology creation, best practises
Internalization: access to codiﬁed knowledge, goal-based training
The idea of a cycle in Figure 9.3 puts forward that all four components are equally
important and that they complement each other since they describe diﬀerent parts of the
knowledge creation process. In a real-life situation it is sometimes hard to distinguish the
four diﬀerent components because they are often intermixed, but the four components
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can intuitively be recognized in daily situations and this is probably one of the reasons for
the success of the model.
The SECI model describes ‘knowledge creation by or in interactions’, but knowledge
can be created without interaction with others as well. This is what is called learning and
the process of learning is closely connected to the internalization part of the SECI model
although individual learning is not exactly the same as internalization. The main diﬀerence
is that in individual learning the conversion process from tacit to explicit and the com-
bination process are included as well, while the internalization process only describes the
conversion from explicit to tacit knowledge. When the question about useful knowledge
is now placed in the context of the SECI model of knowledge creation it becomes clear
that the externalization process is extremely important because it describes the process in
which tacit knowledge is converted to explicit knowledge. As mentioned above, Nonaka
and Takeuchi suggest that the deﬁnition of useful knowledge is culturally dependent and
that in Western companies more emphasis is put on explicit knowledge than in Japanese
companies. Our research focuses on knowledge creation processes in a Western society
and therefore we expect that the added value of a university research institute is produced
foremost in its production of explicit knowledge, although in our introduction we already
showed that this point of view might not be entirely correct if looking speciﬁcally at Dutch
university research institutes in the context of worldwide research.
9.2.5 Ba
The knowledge creating process takes place in a (physical and mental) environment and
in the SECI model this is what Nonaka and Takeuchi call ‘Ba’. It is a Japanese word
that is hard to translate but Nonaka provides us with the following deﬁnition: ”Ba is a
shared context in which knowledge is shared, created and utilized”39 From this deﬁnition
it is clear that the SECI process and Ba are closely connected with interactions and not
with individual learning and knowledge creation. In the university research institute we
investigated we can distinguish many diﬀerent Bas but we highlighted two of them, the
group and the institute itself. These two contexts are evident when looking at the daily
environment in which scientists work in an institute. Most of the research is performed in
the context of the group. The other Ba that is evident in our investigation is the research
institute itself although this is only recently the case for Dutch research. Formerly research
was organized in faculties that consisted of disciplines (chemistry, physics etc.) and
each discipline had diﬀerent groups that did the research in a university. Only recently
the situation has changed and the disciplines are replaced by interdisciplinary research
institutes.
So far we have discussed only the two Bas that are explicitly taken into account in this
study, but there are many diﬀerent Ba’s that can be distinguished as well. We will just
mention some of them to show that the Ba in real life is of a very ﬂexible nature. Most
of the groups, for example, have small sub-groups that work together on a speciﬁc topic.
162 Knowledge Creation in a University Research Institute
These sub-groups usually, but not necessarily, consist of people from the same group.
Such a small sub-group can be considered as another Ba in which the knowledge creation
process takes place. Another Ba that is important is the collaboration between scientists
from diﬀerent institutes who can be physically separated by thousands of miles. Usually
experts on speciﬁc ﬁelds do not work in the same (physical) environment but they do have
a shared context. They meet each other in conferences and workshops, they publish in
specialized journals and their collaboration is sometimes formally recognized as a network
by a funding agency.
9.2.6 Enabling Conditions
The enabling conditions for the SECI process are the necessary conditions for the knowl-
edge creation process to take place and therefore it seems reasonable to call them the
critical success factors of the SECI process. A general description of the enabling factors
as proposed by Nonaka and Takeuchi9,39 is provided below:
Intention is the will to achieve something, the purpose of acting, a goal for the individual
or organization he works for.
Autonomy is related to independency. It motivates people to achieve something. Au-
tonomy can increase individuals’ commitment by allowing them a kind of freedom.
Autonomy is risky because it can lead to non-coherent and ineﬃcient processes.
Creative chaos is an intentional disorder in an organization or in processes. It forces
people to step aside their usual habits. Brainstorming sessions use creative chaos to
come up with new ideas and concepts. Too much creative chaos, however, might
lead to a large production but not to the execution of ideas.
Redundancy is the intentional overlap between experience and knowledge which is nec-
essary to understand each other. Redundancy is ’knowing what other people know’.
Too much redundancy leads to an ineﬃcient knowledge creation process. If every-
body does the same nothing new will be produced.
Requisite variety is the opposite of redundancy. It is the variety of backgrounds and
styles of working that leads to suﬃcient chaos to become creative. Too much
variety, however, leads to a non- or misunderstanding between individuals since
they do not share the same background.
9.3 Methods; Application and Justiﬁcation of Qualitative Re-
search
Now that the theoretical model used in this study has been described above, it is necessary
to describe and defend the practical side of the research we have carried out. We will
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therefore explain our methods in detail, show why a case study is the best form of obtaining
the information we need to study our problem and discuss the pros and cons of the method
we have used. We will start with explaining our choice of a case study.
9.3.1 Case Studies
According to Poppers deﬁnition of science, a theory is only scientiﬁc when it can be
falsiﬁed by an experiment.41 Furthermore the experiment should be reproducible and
independent from time and place. This is the usual approach by scientists and many
management theories have been investigated with it. The experiment can be quantitative
or qualitative in its approach but the purpose of the work is that a hypothesis (theory) is
veriﬁed (or falsiﬁed). However, it is sometimes diﬃcult to formulate a good hypothesis
due to a lack of information about the speciﬁc context in which the experiment takes
place. A possible method to look for a good hypothesis is to study theoretical models and
predict a result that will be veriﬁed. In the case of management studies this can be rather
diﬃcult because the context of the organization that is to be studied can be ill-deﬁned or
the theory can be too general to be able to make veriﬁable statements for that particular
type of organization. Another way of deﬁning a veriﬁable hypothesis is to investigate one
particular organization to explore the parameters that play a role in a context-independent
hypothesis. Such context-dependent research is called explorative research and is usually
the basis for a veriﬁable context-independent hypothesis for organizations of the same
kind. In this study we try to develop an explorative method with which the parameters
that play a role in knowledge management of university research institutes are identiﬁed.
We have chosen to do this explorative research within the context of the IMM, which can
be considered as an organization of the type we want to investigate. Since the number
of people working in the IMM is too small to be able to obtain quantitative data with a
small error it is necessary to use a qualitative approach.
These (fundamental) restrictions described above forced us to use a qualitative way
of obtaining information about the current situation of knowledge management at IMM.
Therefore our purpose is to develop a method by means of a case study that identiﬁes the
critical success factors for a university research institute. The main characteristic of our
case study is that a small group of people is interviewed with in-depth interviews. The
people that are interviewed are selected from the population available through known and
objectiﬁed diﬀerences between diﬀerent categories of people. The information that can be
obtained from a case study depends very much on the varying information gathered from
diﬀerent persons. If there are people with diﬀerent functions and roles in an organization
it is good to be able to use this fact by selecting people from all categories in order not
to double the information obtained. In fact the more subcategories that can be deﬁned
objectively, the faster and more reliable the case study will be. However, a case study is
often needed to categorize people in an organization. This vicious circle can be broken
when the interviewer is familiar with the organization that is being investigated as this
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allows him to categorize people without the need of supplementary research.
9.3.2 Interview Method
The structure of the IMM is such that there are three natural levels at which the knowl-
edge management situation has to be investigated. The level of the individual, the group
and the entire institute. Furthermore, there are diﬀerent functions with diﬀerent respon-
sibilities in the knowledge creation process. A simple characterization of the functions we
distinguish in the IMM is given below.
Group leaders are responsible for the group. They are authorized to contract people,
are the budget holder and usually have the title of professor. Their responsibilities
are management of the research in their group and educational tasks in the faculty
of science.
Staﬀ members are scientists with a permanent position and they usually have a PhD
degree. They are responsible for projects within the group and are often the real
supervisor of post-docs and PhD students. Staﬀ members are more involved in
scientiﬁc details than group leaders and less in management tasks. They also have
an educational task. Their function is important with respect to the continuity of
knowledge in a group.
Temporarily employed scientists are post-docs and PhD students and they are the real
producers of knowledge. The knowledge they produce is mostly written down in
papers, a thesis or presentations. The fact that they are temporarily employed means
that their speciﬁc knowledge is lost when they leave the group. PhD students usually
have a (small) educational task.
Technicians have an engineering background and a permanent position in the group.
Their main task is to provide scientists with state-of-the-art equipment and to have
the skills to operate and build it themselves. They have an important function with
respect to the continuity of technical skills and know-how.
We interviewed three group leaders, four staﬀ members and technicians, and six tem-
porarily employed scientists since the latter is by far the largest group in the institute. All
members of the institute were put in one of the categories and a random number generator
selected the candidates for an interview. To get candidates with suﬃcient knowledge and
experience within the institute, a few criteria were applied after the random selection. If
a candidate did not meet these criteria the next candidate was asked. These criteria were
that the respondent must have been working for the institute for two years or longer and
that they must be spending more than two days a week at the IMM.
After the interviews were held the results were evaluated and it was decided that more
interviews would not lead to better results, because no new information became available
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during the last interviews. In other words, a ‘saturation’ of data was reached. The
approach of looking for a ‘saturation’ of data is inspired by the grounded theory approach
developed by Glaser and Strauss.42 The grounded theory approach describes methods for
qualitative research through a ”direct contact with the social world studied coupled with
a rejection of a priori theorizing”43 with the main purpose of creating a theory. A case
study does not allow the creation of a theory, and is therefore very diﬀerent from the
grounded theory approach, but the use of the ‘saturation’ can be justiﬁed for the same
reasons as it is justiﬁed in the grounded theory approach.
The questions from the interview are given in Appendix E. Open questions generating
objective answers were carefully formulated so as to prevent inﬂuencing respondents by
suggestive questions. The ﬁrst part of the interview was focused on what abilities a
scientist (or technician) needs to be successful. Respondents were asked to mention the
three most important ones and these were considered to be their critical success factors.
The same approach was used to question their view on whate the critical success factors
are for the group they worked in and for the IMM. Their answers led to nine success factors,
three for individuals, the group and the IMM. It was expected that these success factors
were related to each other and therefore we asked the respondents to make these relations
explicit. It was necessary to do this, since it is not obvious how critical success factors
of individuals are related to the critical success factors of the group or the IMM and vice
versa. The last part of the interview focused on the process of becoming successful and
in what way the knowledge creation process is related to their success. The respondents
were asked to describe whether their critical success factors were being met or not. If
they considered themselves, their group or the IMM successful they were asked how they
thought this was achieved and what role the knowledge creation process played in the
success. If they considered themselves, the group or the IMM not to be (suﬃciently)
successful they were asked to give their opinion on how to become (more) successful. An
emphasis was put on knowledge creation processes that might help to become successful.
The answers to these questions led to suggestions for improvement at IMM.
The respondents were given a short written motivation for the research and were
interviewed on a voluntarily basis. The interviews were tape recorded and worked out
in a report on the same day they took place. The report was sent to the respondents
for feedback, which was included in the ﬁnal report of the interview. The collection of
reports of the interviewees is considered to be the collected data. The analysis of the data
described in the sections below
The SECI processes mentioned in Section 9.5.3 were not categorized by the respon-
dents. We obtained these data by asking the respondents how well they succeeded as
regards each of their success factors. When respondents were of the opinion that their
success factor were realized we asked them how this was done and this yielded a series of
‘best practises’. These best practises were analyzed in the context of the SECI model and
placed in one of the SECI processes. The respondents were not asked to categorize the
events themselves because this would require a rather thorough discussion on the SECI
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model to obtain a comparable distinction of the processes. We did, however, show them
the basics of the SECI model and we discussed the diﬀerence between tacit/explicit and
group/individual knowledge. These distinctions were recognized by most of the respon-
dents from their working experience and this conﬁrmed the fact that the SECI model
describes some important parameters in the knowledge creating process. Sometimes it is
very diﬃcult to distinguish the diﬀerent SECI processes in a real life situation and those
situations are therefore categorized in more than one process.
Sometimes respondents used diﬀerent words for, in our opinion, the same concepts. In
those cases we carefully studied the context of the answer and if we found a justiﬁcation
of using the same term for a success factor we replaced the terms. In some cases this was
diﬃcult as in for example the case of the terms synergy and coherence (see Table 9.1).
Although these terms are related, they are intrinsically not the same. In such a case we
kept both terms although we grouped them in the same box (separated by a forward
slash) because, in our opinion, the respondents were pointing at the same parameter.
9.3.3 Reliability and Validity
The reliability of this study is related to the question whether the data obtained are
reproducible data and whether the conclusions drawn from them are reliable conclusions
and not inﬂuenced by the opinion of the investigator. The main issue of the validity points
to the question whether the selection of another group of respondents would have led to
diﬀerent results. Another validity issue is whether the same results would be obtained if
a diﬀerent institute, or the same institute at a diﬀerent time, was investigated. We will
explain below how we dealt with these issues and which considerations the reader has to
bear in mind when reading the ﬁnal results and conclusions to this study.
Reliability
The description of our methods shows that we have taken care to obtain reliable data.
This was carried out by selecting respondents randomly with objective criteria for quality.
The respondents were selected randomly to prevent the inﬂuence of a possible preference
of the interviewer for certain persons at IMM. The interviews were all held in the same way,
questions were written down, and the answers of the respondents were tape recorded and
converted into a report on the same day the interview was held, to improve the reliability
of the report. The reports themselves were sent to the respondents who were asked if
the reports were a good representation of the issues discussed. All respondents conﬁrmed
that the reports were a good representation of the discussion and only in some cases the
respondent suggested minor changes in the report, which were taken into account in the
ﬁnal report. Another fact supporting the assumption that the data obtained are reliable
are the frequent spontaneous remarks of the respondents that they thought the interviews
fully discussed the matter of the knowledge creation process and that there were no issues
left out.
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Another reliability issue is whether the conclusions and generalizations drawn from the
data depend on the person who interpreted the results. In our case this was carried out by
the author only and it cannot be denied that there is the risk of a subjective interpretation
of the data.a We have tried to minimize this risk by showing the results as data ﬁrst and
then drawing conclusions from them. While generalizing or interpreting the data from
the interviews, we tried to use the context given by the respondents in order to interpret
their data. The fact that the interviewer himself was part of the organization investigated
facilitated the interpretation of the answers of the respondents but also increased the
risk of subjective interpretation. The response of the respondents to the reports of the
interviews, however, suggests that the interviewer was able to describe the results of the
interview in terms that were in agreement with the respondents’ thoughts about a certain
issue. This is, of course, no guarantee that during the interpretation of the data no
subjective opinion was included in the results, but in the analysis of the results we will try
to show where the danger of such subjective interpretation lies.
Validity
The issue of the validity of this study concerns two basic questions: Are the results
obtained from the respondents valid to adequately describe the IMM (internal validity)?
Are the results obtained for the IMM valid for other institutes of the same kind (external
validity)? Both questions cannot not be positively conﬁrmed, but as for the ﬁrst question it
is impossible to know whether a diﬀerent group of respondents would have led to diﬀerent
results. We have tried to avoid problems related to this issue as much as possible, for
example, by using only success factors that were mentioned more than once in the ﬁnal
analysis of the results. The reason why we did this is that the answers obtained from one
respondent are subjective, but if two independent respondents come up with the same
success factor it is reasonable to assume that there is some objectivity in the success factor
they have mentioned. We used the same method to analyze the results of the knowledge
creation process. The use of ‘saturation’ of the data also reduced the chance of missing
relevant opinions.
As for the second question we have tried to focus on knowledge management issues
that are relatively independent from the real context of the organization. Of course the
local infrastructure and environment diﬀers per university research institute, but all of
them consist of smaller research groups and all of them have employees in the same four
functions. Furthermore, most of the funding (and the criteria related to this funding)
of the research in these institutes comes from (inter)national agencies and therefore the
situations of most university research institutes are comparable.
aHaving two or more people analyze the data would circumvent this problem, but because of a lack of
time this was not carried out for this thesis. However, in order to make a second, independent, analysis
possible, the reports of the interviews are available at Dr. Paul Hendriks (p.hendriks@fm.ru.nl).
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9.4 The Institute for Molecules and Materials
The Institute for Molecules and Materials (IMM)b is a research institute at the faculty of
science of the Radboud University Nijmegen. There are currently 21 research institutes
located or linked to the Radboud University Nijmegen and IMM is one of the largest of
the Faculty of Science. There are 14 research groups associated to the institute that
originate from both chemistry and physics and all groups that work around the themes of
molecules and materials are a member of the institute. The main research themes of the
institute are:
• Design, Synthesis and Growth
• Characterization and Exploration
• Theory and Computation
Every group that is associated to the IMM is led by a group leader who usually is a
professor. The total number of employees is 320 of which 210 scientiﬁc and 110 supporting
staﬀ (technicians are among this group). Of the 210 scientists about 100 PhD students
and 50 post-docs are temporarily employed. The total number of publications in the year
2003 was 291 articles in scientiﬁc journals and 35 dissertations. Furthermore, there were
14 professional publications (books, etc.) and 4 patents produced by the institute.
The IMM has formed cooperations with research labs of all large multinationals in the
Netherlands and with national research institutes such as TNO and RIVM. The IMM also
collaborates with international research institutes and universities and some professors are
temporarily employed at other universities.44
The main research activities of the IMM will be the same for the next few years,
but recently more funding has been attracted for interdisciplinary research on the ﬁelds
of nanomaterials and biomolecular systems. Both areas require a strong collaboration
between the existing groups to become a successful player in these strongly competing
and highly fashionable ﬁelds.44
When the interviews were being held the IMM was only a federation of groups working
together without any formal managerial power. This intermediate situation, however, has
now changed and the management of the faculty has decided that the research institute
will replace the role of the disciplines. The exact form of the institutes is not clear as yet
and it will take several years to arrive at the ‘normal’ situation. This phenomenon has to
be taken into account when looking at the results of the interviews.
bMore information can be found in the annual report of the IMM and their website:
http://www.nsrim.sci.kun.nl
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9.5 Results
The results of the interviews that were held are presented in this section. Since the nature
of the interview was such that the results can be divided into two parts, (success factors
and knowledge creation process) we will discuss them in separate sections. First we will
discuss the success factors that were mentioned by the respondents and categorized them
in ﬁve categories derived from the system model described in Section 9.2.1.
9.5.1 Success Factors
The answers obtained were grouped in diﬀerent categories of success factors that can be
linked to the system diagram of a knowledge creating company (see Figure 9.1). This
diagram is presented here again but now completed with the categories of success factors
we have obtained. The categories do not exactly follow the individual blocks of the
Input Output
Transformation = 
scientific/technical
Management
People = Personal & Social
Figure 9.4: System model of an organization where the transformation process is the
added value an organization creates.
diagram of Figure 9.1 because the results of the interviews showed that some of the
blocks that are separated in the diagram are convoluted in real life. We therefore deﬁned
5 diﬀerent categories of success factors that were distinguished by the respondents but
that can be linked to the modiﬁed diagram of an organization as shown in Figure 9.4.
Scientiﬁc/technical success factors depend on the speciﬁc knowledge that is desired.
For example, a materials scientist needs diﬀerent know-how and equipment than a
biologist.
Management success factors are the skills of people who have a management responsi-
bility, the deﬁnition of their function, their sphere of inﬂuence and the role managers
play in an organization. A management role can be the responsibility for the entire
institute or the supervision of a student, for example.
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Social success factors are the social skills one needs to be able to work in a team and to
collaborate with others. For example, communicative and presentation skills.
Personal success factors are related to individual talents and characters. Examples are
perseverance and ambition.
Output is the success factor that can be measured in a quantitative way. In the scientiﬁc
community this is usually translated into published papers, citation indexes, granted
proposals, being invited to (international) conferences etc.
The model shows that all critical success factors are interrelated and cannot be seen
independently from each other. Although Figure 9.4 suggests a distinction between the
diﬀerent categories of critical success factors it is clear that the processes in which they
play a role can be separated but that individuals can act in multiple processes. For
example, a group leader is part of the management of the knowledge creation process,
but he will produce knowledge himself, and will act as a person in his group so that he
has an inﬂuence on the social interactions as well. It is therefore important to realize that
Figure 9.4 represents the diﬀerent processes in a knowledge producing organization, but
it is not an organization diagram with functions and responsibilities that can be assigned
to a speciﬁc person.
Critical success factors for being a successful scientist, group or institute, that were
mentioned by two or more respondents are given in Table 9.1 in which they are grouped
in the ﬁve categories as discussed above. From this table it can be seen that individual
scientists and technicians are successful when they have suﬃcient know-how and creativ-
ity. Their communicative skills are most relevant to collaborations and interactions with
others (mostly in the group). A passion for science combined with suﬃcient perseverance,
curiosity and initiative in an environment where they have a certain autonomy is needed
to realize their targets. A scientiﬁc group is successful when there is suﬃcient output
(publications, granted proposals and education). A good group atmosphere combined
with the proper infrastructure, money and a good reputation helps to realize this output.
The group leader is mostly responsible for the management of his group and usually de-
termines the long-term strategy and therefore his qualities are important to the success of
the group. The IMM is successful when it carries out and stimulates interdisciplinary and
new high-quality research. This research should lead to publications in high-impact jour-
nals. To realize these targets collaboration and a good communication within the institute
are necessary. To enhance the collaboration and the communication a well-deﬁned and
recognizable mission statement and the synergy resulting from such a mission statement
are necessary to establish an institute with a far-reaching reputation.
9.5.2 Critical Success Factors and Enabling Conditions
The model of the SECI process in Figure 9.2, which is described in Section 9.2.3 shows that
the enabling conditions are a necessary condition for knowledge creation processes and
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Table 9.1: Critical success factors for individuals, groups and the IMM that were mentioned by
two or more respondents. The number between brackets correspond to the number of people
that have mentioned this success factor.
Individual Group IMM
Scientiﬁc/
Technical
• Know-how (11×)
• Creativity (5×)
• Insight (2×)
• Infrastructure (2×) • Interdisciplinary
research (3×)
• Scientiﬁc quality (2×)
• New research (2×)
Manage-
ment
———— • Funding (4×)
• Reputation (3×)
• Group size (2×)
• Strategy/
Original approach (2×)
• Good group leader (2×)
• Reputation (7×)
• Mission statement (4×)
• Synergy/Coherence (3×)
Social • Communication (4×) • Collaboration (4×)
• Group atmosphere (3×)
• Interactions (2×)
• Collaboration (9×)
• Communication (2×)
Personal • Passion (4×)
• Perseverance (3×)
• Autonomy (3×)
• Curiosity (2×)
• Initiative (2×)
———— ————
Output ———— • Education (4×)
• Publications (3×)
• Output (2×)
• Granted proposals (2×)
• Output (3×)
therefore we try to link the mentioned critical success factors to the enabling conditions
as described by Nonaka and Takeuchi. This results in an interpretation of the enabling
factors based on the success factors of Table 9.1.
Intention is the intention of the individual to become successful and of the group and the
institute to realize their goals. It is related to the passion, initiative and perseverance
of the individual and to the strategy of the group (leader) and the mission statement
of the institute.
Autonomy is related to the know-how of the individual and the funding and infrastructure
of the group and the institute. Most respondents only supported the development
of new research and/or interdisciplinary research when it was their own decision.
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Creative chaos is related to creativity and curiosity and to interactions and collaboration
in the group and in the institute. Creative chaos is stimulated by a good group
atmosphere and the right group size.
Redundancy is related to a common background, a type of knowledge that everybody
possesses, which is needed to be able to communicate and is usually complementary
in nature. Communication between individuals in the institute is only possible when
there is some redundancy. The synergy and coherence of the institute increase the
redundancy.
Requisite variety is the opposite of synergy and coherence and marks the border where
too much synergy does not lead to new knowledge. This is the basis for the existence
of diﬀerent groups with diﬀerent expertise in the institute.
The above means that most of the enabling factors are implicitly mentioned by the re-
spondents. However, the critical success factors that are grouped in the category of
output were not explicitly linked to enabling conditions. Apparently the output itself is
not a critical success factor for creating new knowledge. A successful output, however,
is indirectly related to the success of the knowledge creation process by stimulating the
realization of other enabling conditions.
The results from this part of the interviews were used to identify the role of knowledge
creation in the success of individuals, groups and the institute. If the role of knowledge
creation is better understood in the current situation it will be easier to manage it to
perform even better when necessary. In the next section we will therefore focus on the
knowledge creation process that takes place in the IMM.
9.5.3 Knowledge Creation Process
The second part of the questionnaire focused on the degree of realization of the success
factors. This degree of realization is a measure of success and if the targets that were set
were not met, the respondents were asked how in their opinion the target could be met.
This led to a series of suggestions for improvements that are discussed in Section 9.6,
which can be used by the management of the institute.
Table 9.2 shows the results of the interviews, which indicate that most of the SECI
processes in the IMM take place within the context of the group and the individual.
This individual is usually referring to small sub-groups when interactions and knowledge
creation are mentioned. The institute itself appears not to play a very large role as yet in
the knowledge creating process. Specially in the combination and internalization part the
institute plays almost no role at all. Some of the results of Table 9.2 require some further
analysis that we will give below.
The ﬁrst point we would like to focus on is the relation between knowledge creation
and success. The results of the ﬁrst part of the interviews show that the generation
of output is an indicator of success. This is in agreement with Nonaka and Takeuchi’s
9.5 Results 173
Table 9.2: SECI components as already implemented for individuals, groups and the IMM that
were mentioned by two or more respondents.
Individual Group IMM
Socialization • Discussions/Feedback/
Interactions/
Brainstorming (11×)
• Working with expert
(8×)
• Collaboration (6×)
• Group meetings (3×)
• Project meetings (2x)
• Group meetings (11×)
• Collaboration (4×)
• Discussion/Feedback/
Sharing expertise (4×)
• Group atmosphere/
Social rules (3×)
• Social events (3×)
• Small group size (2×)
• Coherence of topics
(2×)
• Interdisciplinary
research (3×)
• Scientiﬁc quality (2×)
• New research (2×)
Externaliza-
tion
• Group meetings (4×)
• Sharing of results (3×)
• Collaboration (2×)
(writing papers)
• Project meetings (2×)
• Teaching (2×)
• Express clear technical
demands (2×)
• Group meetings (9×)
• Collaboration (3×)
• Supervision from staﬀ
(3×)
• Sharing results/
conferences (2×)
• Discussion about
research strategy (2×)
• Thematic afternoons
(4×)
• Symposia (2×)
• IMM courses (2×)
Combination • Collaboration (4×)
(combining expertise)
• Project meetings (2×)
• Combine results (2×)
• Helping PhD
students (2×)
• Group meetings (4×)
• Group of people with
diﬀerent backgrounds
(2×)
• Collaboration between
groups (2×)
Internaliza-
tion
• Learn things you have
to know (6×)
• Build up know-how to
work autonomously
(4×)
• Reading papers and
surﬁng internet (2×)
———— ————
statement that in Western society explicit knowledge is considered to be more useful
than tacit knowledge and that therefore success is measured by the amount of explicit
knowledge that is generated. However, our results show that the socialization part of the
SECI process is also of importance at the IMM. Furthermore, the processes of writing
papers/proposals and providing education were mentioned quite often when the critical
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success factors were discussed with the respondents but they do not explicitly show up
in the discussion about the knowledge creation. The fact that the socialization process
is considered to be important and that the conversion of tacit knowledge into papers,
proposals and education is not mentioned explicitly has to be discussed in more detail.
The results of the interviews show that the externalization process is considered important
in the recognitions as a successful scientist. Therefore, success is related to output, but
if one asks a scientist when the ‘new’ knowledge was created he will probably point out
a process that is related to the socialization process. Based on the interviews it can be
concluded that most scientists, however, do realize that this knowledge is not useful to
others when it is not converted into explicit knowledge. It is therefore necessary to convert
their tacit knowledge into explicit knowledge. The question remains open whether new
knowledge is created in this process or whether it is just transformed into a more useful
form of knowledge.
Another issue we would like to discuss is the role of the combination process in uni-
versity research institutes. Upon analyzing the interviews, we found that the combination
process is often connected to the application of knowledge. This makes sense since appli-
cation of knowledge requires that the applied knowledge is explicit and usually the results
of this application is also explicit. The question is now; which forms of knowledge created
in a university research institute are applied or combined. As a general statement without
‘proof’ we would like to put forward that real new knowledge is not applied nor combined
in the university research institutes where it is created. This statement is more concrete
when placed in the context of the discussion of the Ba of the SECI model. The results of
the interviews indicate that most of the new knowledge that is created is highly specialized
knowledge. It is therefore only understandable by and useful to a rather small group of
people. This group of people are the people that work in the sub-group on the same topic
and/or the experts on the same ﬁeld worldwide. These two environments are the envi-
ronments in which knowledge is created by combination, but this is outside the context
of the group or the research institute. Therefore, the combination process within the Ba
of the institute is not of major importance in the generation of new knowledge. Because
of this, not much attention is paid to the management of the combination process. It is
usually an issue in which scientists operate autonomously without any interference from
the institute. Although the Bas of networks are rather important to scientists, we have
not closely investigated them because of their very ﬂexible nature and incomparable con-
text. Furthermore, these Bas are often not provided with any form of formal management
except in the case of scientiﬁc networks that receive funding.
However, the rise of research in interdisciplinary ﬁelds requires the combination of
knowledge in diﬀerent ﬁelds, and although most respondents consider it important to work
with people from diﬀerent backgrounds, it is important to have a common background as
well. This common background can be created by combining the diﬀerent backgrounds
of people and creating a new background. This knowledge is not new in an absolute
sense, but it might be new for people who start to work in an interdisciplinary ﬁeld. It is
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obvious that an interdisciplinary research institute can play a very important role in this
kind of combination processes by providing the means and assets to create a common
background. This means that the creation of interdisciplinary research institutes requires
a change in the management attitude since speciﬁc assets have to be provided to stimulate
the combination of background knowledge to create suﬃcient redundancy in the institute.
The last discussion is also supported by the fact that although know-how is one of the
most important success factors the internalization process is not mentioned frequently.
This is, according to our view, related to the fact that most scientists consider it evident
that they update their know-how regularly with the latest knowledge. However, the
knowledge they need to update is the same highly specialized knowledge we mentioned
before and they usually acquire this knowledge outside the context of their group or the
institute.
9.6 Suggestions for Improvement
”For this we will create new, multidisciplinary research groups that will focus on
these particular aspects. They will be headed by highly talented young group leaders
who will be appointed for a limited amount of years, say ﬁve, on special chairs.” 38
”..multidisciplinary research groups will be created that will address novel challenges
in this intermediate and complex size regime” 38
Although the purpose of this study was not to provide the management of the IMM
with suggestions to improve the knowledge management the interviews and the method
used did result in many suggestions for improvement. These suggestions were mostly
formulated when the degree of realization of the success factors was discussed and what
should be carried out to become successful as a scientist. Furthermore, these results are
important when discussing the SECI model since they show which practical ways scientists
prefer to create knowledge. The results presented in this section mainly show that the
importance of the Ba of the IMM should be increased. It is interesting to discuss why and
how this should happen. Table 9.3 shows the desired improvements on the knowledge
management categorized in the diﬀerent SECI processes. These results were obtained in
the same way as in the previous section but in these cases they correspond to success
factors that were not yet being met. As discussed above, the IMM is in a transitional
stage at the moment and it is not clear how management responsibilities will be organized
in the future. However, it is clear from Table 9.3 that much has to be changed to become
a successful institute.
The most obvious result from Table 9.3 is that more interactions are desired, both on
the level of the group and on the institute level. Although many of the improvements
are already partly implemented they can be improved by increasing the interaction or
communication. A clear example are the group meetings. Most of the respondents
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Table 9.3: SECI components as desired by individuals, groups and the IMM that were mentioned
by two or more respondents.
Individual Group IMM
Socializa-
tion
• Collaboration
with people from
other groups (2×)
• More interactive
group meetings
(5×)
• Management of
technicians (2×)
• More interactions/
collaboration in
lab (2×)
• Social activities (7×)
(internal network)
• Open lab days/visits (6×)
• Interdisciplinary research/
collaboration (5×)
• More coherence of topics/
Mission statement (4×)
• Better symposium (4×)
(more interactive)
• More interactions between
PhD students (3×)
• More interactions between
group leaders (3×)
• Visible support from group
leaders for IMM (2×)
• Meetings and information
exchange more obligatory (2×)
• Better communication
top down (2×)
• Sharing of expertise/
setup (2×)
• More courses (2×)
• Better information (2×)
(annual report, website)
acknowledge the use of these meetings and consider them very important to exchange
knowledge. However, only a few people are happy with the current form these meetings
have, namely an oral presentation by one of the group members followed by questions.
Most of the respondents argue that they do not have the necessary background knowledge
to have a real interactive discussion during these meetings. This is caused by two things:
The level at which the results are discussed and the fact that most of the people in one
group are active in rather diﬀerent research areas. Both phenomena are related to a lack
of common background which makes it diﬃcult to have an interactive discussion. This
problem can be tackled by both the speaker and the audience. The speaker could try to
improve the introduction to his work in such a way that a broader audience can follow his
reasoning. The audience could try to increase their knowledge on the topics discussed by
reading and discussing about the issues they did not understand. This lack of interaction
becomes usually smaller when the coherence between the research topics in a group is
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Table 9.3: (continued) SECI components desired by individuals, groups and the IMM that were
mentioned by two or more respondents.
Individual Group IMM
External-
ization
———— • More emphasis on
problems/questions
than on results (4×)
• More interactive
group meetings (3×)
• More information (8×)
(who knows what)
• Lab visits (4×)
• Better symposium (4×)
• Better courses (4×)
(program and coordination)
• Better website (4×)
(expertise list)
• Annual reports (3×)
• Create IMM masters (3×)
(students in more than one
lab)
• More uniform presentation
(3×) (logo, publications etc.)
• Emphasize collaborations (2×)
• Group policy⇔mission
statement (2×)
• More (IMM-related)
interdisciplinary research (2×)
Combina-
tion
———— ———— • Combination of expertise/
Doing experiments in other
groups (3×)
• Proposals for interdisciplinary
projects (2×)
Internal-
ization
———— ———— ————
larger. In such a case people will have a more similar background and they will have less
diﬃculty in participating in a detailed discussion about results. The danger, however, of
a very homogeneous group is that there are less fresh opinions that might provide eye-
openers or solutions to existing problems. This illustrates the problem of the right balance
between requisite variety and redundancy as enabling factors of the SECI process.
The example of group meetings clearly illustrates the problems of the research institute
when organizing meetings and discussions. All the aspects that were mentioned for the
group meetings present even larger problems to meetings with the entire institute. This
problem can be solved by organizing meetings around a speciﬁc topic but the problem of
requisite variety remains in this case.
Most of the respondents agree that interdisciplinary research (mostly between physics
178 Knowledge Creation in a University Research Institute
and chemistry in the IMM) opens opportunities for new, high quality research. This
research should be stimulated by the institute and assets should be provided to work with
a (small) interdisciplinary team on new ﬁelds. Most respondents also agree that dedicated
resources (PhD positions, post-docs) for interdisciplinary research are the best option to
stimulate this kind of work but there is no agreement on where to ﬁnd these resources.
Some groups already have common PhD students working on interdisciplinary projects
and this situation is received positively.
The most diﬃcult issue, however, is to identify where successful collaborations can be
started. Usually, it takes a couple of attempts before being successful. During the inter-
views it became very clear that most respondents felt that there is a lack of information
about the current know-how and expertise of individuals and groups in the institute. This
problem is less apparent with the permanently employed scientists and technicians since
they have time to build up a network. The problem of lack of information is, however,
very apparent for PhD students and post-docs who only stay in the institute for a couple
of years. It is therefore suggested to set up a transparent and easy accessible system
where information about expertise and know-how can be found. This can be a web-based
system or a coordinator who is aware of who is doing what in the institute, the latter
being the preferred option because of its tacit component. Such a function is comparable
with the librarian function as described by Davenport and Prusak.3
Another large problem of the research institute is that there is no common social
background. The group is a strong social entity because labs, oﬃces and coﬀee rooms
are shared among the members of a group. Many social activities like the yearly outing,
sports and other meetings are also organized by the group. The IMM has almost no such
activities although many people would like to have more of them to increase the social
aspect of the institute. Apparently it is important to know each other personally before
collaboration is established.
The discussion about the context in which the internalization and combination parts
take place is supported by the results of Table 9.3. Almost no suggestions for improve-
ments on these factors are made in the context of the group and the IMM and we believe
that this is largely due to the fact that the Ba of these processes is not closely related
to the group or the institute, but rather to a scientiﬁc environment that exists separately
from the IMM or the group.
These topics clearly illustrate the importance of the socialization in the SECI model.
Although Nonaka and Takeuchi argue that the externalization part is the most important
in Western society and although the results from the ﬁrst part of the interview suggest the
same, it cannot be denied that in university research institutes the socialization part is very
important. According to Ro¨rsch the socialization part (and the education of skills that is
connected with it) is even more important for Dutch universities due to their relatively
small impact on the total worldwide output that is produced. Our survey conﬁrms the
fact that the socialization part of the SECI process is very important. This importance
has always been present and most of the scientists also like it this way. The change
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in the funding system of research, however, has forced scientists to externalize more of
their knowledge because only externalized knowledge can be compared. This change is
positive in the way that more useful knowledge is generated. The question is whether
more relates to the word useful or to the word knowledge. It is beyond question that the
change of funding policy has led to more output and has increased the importance of the
externalization process, but many scientists doubt whether the quality of the output is as
high as it could be without the pressure of externalization.
9.7 Discussion and Conclusions
The results from Section 9.5.1 show that the critical success factors for being a successful
scientiﬁc institute can be related to the enabling factors for the SECI process as described
by Nonaka and Takeuchi. Furthermore, the critical success factors can be categorized in
ﬁve categories which are related to the knowledge creation process. In this knowledge
creation process the externalization part (output) is the key to success. However, the
results also show that the socialization process is of fundamental importance to be able
to generate explicit knowledge. The combination process is mostly of importance to
the generation of background knowledge and redundancy in the group and the research
institute. The research institute, and the group to a lesser extent, does not really play a
signiﬁcant role in the combination of ‘new’ knowledge. Networks and collaborations with
specialists worldwide are of greater importance for this part of the knowledge creation
process. However, the interdisciplinary nature of the research institute contributes to a
rather large gap in the background of the diﬀerent scientists in the institute. This gap
is considered to be too large to have suﬃcient redundancy and this drastically lowers the
eﬃciency of knowledge creation. The institute should make assets available and create an
environment n which the redundancy in background at the institute can increase. This can
be carried out by increasing the mutual interactions and organizing speciﬁc meetings and
courses to increase the background knowledge of the members of the institute. Another
way of creating more redundancy is by choosing more coherent research topics. If this
approach is chosen it will necessarily lead to a signiﬁcant shift in the research topics of
some groups since their current interests are too broad to be able to make them more
coherent. The role of the institute and the group in the internalization of knowledge is
small since this is mostly an individual responsibility.
One of the issues discussed in the theoretical background to this study is the deﬁ-
nition of useful knowledge. Nonaka and Takeuchi state that in Western society explicit
knowledge is considered more useful than tacit knowledge and our results conﬁrm this
by indicating that explicit knowledge leads to success. However, the importance of tacit
knowledge should not be underestimated and we would like to suggest a change in the
paradigm that explicit knowledge is the most important in Western society. In the research
institute we have investigated, the importance of tacit knowledge seemed to depend on
the number of people involved in the work. When individuals work alone or in small
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groups tacit knowledge is of extreme importance. It takes years and years to build up
suﬃcient skills and experience to do the measurements and work on the theory that is
necessary to publish a small amount of papers. It is often this experience and the skills
connected to it that are highly appreciated in the group. However, when the group be-
comes larger and certainly at the scale of the research institute it becomes impossible to
evaluate the skills and experiences of all the members of the institute. In such a case it
becomes more useful to look at a person’s production, which is measured by looking at
the total explicit knowledge that is generated. For the same reason, funding agencies and
evaluating committees only evaluate the explicit knowledge generated by a group or an
institute. It is simply impossible to compare tacit knowledge since it is much harder to
quantify. Within the shared context of experts on a topic tacit knowledge becomes more
important and this is the reason why it is so important to meet other scientists in person
by going to conferences and participating in networks. Most funding agencies recognize
this and there is funding available to organize this kind of meetings, but on the level of
the institute there is a lack of management on this issue. This comes back to the same
point discussed above; the lack of redundancy.
These two discussions lead to the general conclusion that the question of which form
of knowledge is more useful depends rather much on the Ba in which knowledge is created.
If the primary task of a research institute is to provide society with knowledge that can
be applied, the generation of explicit knowledge will be the most useful. However, as
discussed in the introduction this is not the case in the Netherlands. The access to
networks and the formation of highly educated people put a strong emphasis on the
creation of tacit knowledge. It is therefore of great importance to deﬁne the primary
target of a research institute before the knowledge creation process can be inﬂuenced.
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APPENDIX E
Questionnaire used during Interviews
These are the questions that were used for the interviews for the case study (see Sec-
tion 9.3.2).
Successful individual
• What, in your view, are the abilities a scientist needs to be successful?
• Which are the three primary terms that determine your success?
• What are your norms of success for each of these abilities and who deﬁnes those
norms?
Successful lab/group
• What, in your view deﬁnes success for scientiﬁc group such as your own lab/group?
• Which are the three primary terms of success for your lab/group?
• What are the norms of success for each of these terms for your lab/group and who
deﬁnes those norms?
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Success of the NSRIM institute
• What, in your view, deﬁnes success for a research institute such as the NSRIM
institute?
• Which are the three primary terms of success for the NSRIM institute?
• What are the norms of success for each of these terms for the NSRIM institute and
who deﬁnes those norms?
Relations between your own, your group and institutional success
Bottom up inﬂuence
• What is the role of your group in your abilities that make you successful?
• How do your primary terms of success depend on the success of your group?
• What is the role of the NSRIM institute in your abilities that make you successful?
• How do your primary terms of success depend on the success of the NSRIM institute?
• What role plays the NSRIM institute in the success of your group?
• How do the primary terms of success of your group depend on the success of the
NSRIM institute?
Top down inﬂuence
• In what way do the primary terms of success of your group depend on the abilities
of the members of the group?
• In what way do the primary terms of success of the NSRIM institute depend on the
abilities of the members of the institute?
• In what way do the primary terms of success of the NSRIM institute depend on the
success of the groups belonging to the institute?
Revision of success factors of ﬁrst part
• When you look at the dependencies between your success, success of your group
and success of the NSRIM institute you have just given, is there a form of success
or an ability you have not mentioned in the ﬁrst part of the questionnaire?
• If you had to add something to the terms of success for yourself, your group and
the NSRIM institute, does this change the top three of terms of success you had to
make in the ﬁrst part of the questionnaire?
• If so, how do you want to change it?
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How to become successful as a scientist?
• How far have you been able to realize the three norms of your own success.
• What type of knowledge do you need to bridge the gap between what you have
realized until now and what you want to realize to be successful?
• Which part of the SECI model of learning do you consider most eﬃcient to obtain
the knowledge you need to be successful?
• In which way do you think this form of learning should be realized?
• Can your group help you to obtain the knowledge you need to be successful?
• If so, how?
• Can the NSRIM institute help you to obtain the knowledge you need to be success-
ful?
• If so, how?
How to become a successful group?
• How far has your group been able to realize the three norms of its success?
• What type of knowledge does your group need to bridge the gap between what is
available and what should be realized to be successful?
• Which part of the SECI model of learning do you consider most eﬃcient for your
group to obtain the knowledge it needs to be successful?
• In which way this form of learning should be realized?
• Can the NSRIM institute help your group to obtain the knowledge it needs to be
successful?
• If so, how?
How to become a successful institute?
• How far has the NSRIM institute been able to realize the three norms of its success.
• What type of knowledge does the NSRIM institute need to bridge the gap between
what is available and what should be realized to be successful?
• Which part of the SECI model of learning do you consider most eﬃcient for the
institute NSRIM to obtain the knowledge it needs to be successful?
• In which way this form of learning should be realized?
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APPENDIX F
Observations and Comments from the Author
At the end of this study I would like to discuss some issues I encountered during this
research. These issues are not directly related to the knowledge creation process or are of
such a subjective nature that they could not be included in the study above. Although only
this appendix is dedicated to my personal observations, I included quotes at the beginning
of some sections that were taken from diﬀerent sources. Most of them come from a very
early report that was the onset of the IMM. The reason I included these quotes is to show
that the issues discussed in this study had been discussed seven years ago at the institute.
The work of Ro¨rsch shows that the current discussion about research management at
universities has not progressed much since 1984. This corresponds to my experience with
researchers who shared the opinion that ”organizational issues will always be a topic of
discussion, but we should just continue doing our work at the highest quality possible.
Politicians and managers come and go and policies change every now and then. We
should never really change our daily business of doing research as we like it because after
a while the changes have to be replaced by new changes anyway and one returns to the ‘old’
situation again.”This rather negative approach with respect to managers and management
is a common attitude I encountered and I must say, looking at the history of research
management, they have a point. However, I strongly believe that proper management can
create an environment in which scientists feel happy. This management can also inﬂuence
collaborations by providing the necessary boundary conditions. According to my point of
view, scientists underestimate the qualities of a good management and they overestimate
their capability of resisting to change. If change leads to a higher quality of research this
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change will be successful.
Coherence and Collaboration: Free Choice or Forced?
The discussion about collaboration and coherence in research is a very diﬃcult one. Politi-
cians and managers tend to prefer more collaboration and coherence and scientists tend
to resist this by opting for collaboration only when they want to, regardless of the possible
incoherence in an institute. The results of the interviews showed that the latter attitude
leads, according to the scientists, to the best-quality work, but it is not in conﬂict with
the managers’ wish for more collaboration and coherence. My opinion with respect to
this subject is that collaboration and coherence should not be forced but they should be
stimulated. By stimulation I mean that an environment (both physical and mental) should
be created in which collaboration is not blocked by barriers of either ﬁnancial or organi-
zational nature. Furthermore, activities should be organized promoting social interaction
between scientists. It is important that people keep their eyes open in case opportunities
for collaboration arise and that in such a case the management immediately provides the
means to establish the collaboration. This requires an active role of the management
instead of the passive role it has now. The management, however, should keep in mind
that activity should not be mixed with steering or forcing scientists to do a particular kind
of research. I believe that the attitude I describe here does not cost much money or time,
but it does require the right mentality.
Group Size
Another topic frequently discussed during the interviews is the ideal group size. It struck
that respondents largely agreed on this topic. Apparently there is a practical limit to the
right group size. I believe that this is important enough to make it a leading factor in
deciding the formative plan of a research institute. It is in everybody’s interest to work in
a situation where they get the proper supervision, feedback and responsibilities. So what
is this ideal group size? Most people consider a group of 20−25 people ideal. Such a
group should have one group leader with a scientiﬁc staﬀ of 3−4 staﬀ members. Each
staﬀ member can be responsible for the supervision of up to 5 PhD students. In this
group three or four post-docs can do highly specialized work possibly together with PhD
students. To support such a group about 3−5 technicians and a secretary are needed.
The number of technicians ﬂuctuated most, according to the respondents, this was mostly
due to the nature of the work. Some groups just require more technical assistance than
others.
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Nucleation of Calcite on Organic Monolayers
Orientation of Calcite Crystals on SAMs
Self-Assembled Monolayers (SAMs) of carboxylic acid terminated thiols with even
chain length on Au(111) lead to the epitaxial nucleation of calcite on the {012} face.1
When silicon, coated with chromium or titanium is used as a support for Au(111)
ﬁlms, less oriented Au(111) ﬁlms are obtained, which results in {01l} oriented calcite
crystals (l=2−5) on SAMs of thiols with even chain length.2 The orientation of the
{012}
Figure 1: SEM image of {012} oriented calcite crystals nucleated on a SAM
of thiols with even chain length. The inset shows a computer generated calcite
crystal cut oﬀ by a {012} face.
189
190 Summary
calcite crystals was measured with X-ray diﬀraction techniques and with Scanning
Electron Microscopy (SEM). Figure 1 shows a typical SEM image with a computer
generated calcite crystal with the {012} orientation parallel to the substrate. The
single crystalline domains of the Au(111) ﬁlm are smaller than the crystal, but the
single crystalline mica support gives rise to an epitaxial relation between the Au(111)
ﬁlm and the mica support. This results in a highly oriented polycrystalline Au(111)
ﬁlm, leading to an in-plane orientation of the calcite crystal over the entire sample
(8×8 mm2).
In-plane Orientation of Calcite Crystals with respect to SAM
The SEM image of Figure 1 shows that the crystals are aligned in-plane with respect
to each other and the substrate. This is caused by an epitaxy between the SAM and
the calcite crystals, which can be observed because of the epitaxy between the mica
and the Au(111) ﬁlm which is propagated to the SAM. The resulting epitaxial relation
between the Au(111) ﬁlm and the calcite crystals is measured by X-ray diﬀraction
and in this way a 2-dimensional model of the in-plane orientations between the SAM
and the calcite crystals can be constructed. This is possible because the orientation
a b
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Figure 2: Schematic drawing of the lattices of the Au(111) plane, the carboxylic
acid endgroups of the SAM, and the carbonate ions of the calcite lattice. The
lattice match in the a-direction is almost perfect, but there is a large mismatch
in the b-direction.
of the lattice of the SAM with respect to the Au(111) nearest neighbor orientation is
well-known.3 The X-ray diﬀraction measurements conﬁrmed the model of Aizenberg
et al.4 who proposed that the in-plane orientation of the calcite crystals would be
such that there is a lattice match between the SAM and the calcite lattice in one
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direction.a
It is well-known that the crystalline nature of the SAM is only present over small
domains with a size of approximately 15×15 nm2, separated by disordered bound-
aries.3 The critical cluster size of the calcite crystals, however, is estimated to range
from 2−15 growth units. This means that the crystalline domains are roughly 100×
larger than the critical clusters, which explains the large inﬂuence of the SAMs even
when there is no macroscopic interface between the crystal and the SAM. The critical
cluster size is even smaller than the often reported pitches in the SAM which have a
size of about 5×5 nm2. This means that the existence of pitches is not relevant for
the description of the interaction between the SAM and the calcite clusters.
Inﬂuence of Crystallization Method
The use of three diﬀerent crystallization methods showed that there is no inﬂuence
of the crystallization techniques on the results presented above. Mixing of solutions
containing NaHCO3 and CaCl2 allows the calculation of the initial driving force of the
solution when the pH is measured in situ. The ‘CO2 in’ method is the most convenient
to demonstrate the inﬂuence of a particular substrate, since it is the easiest to use.
In situ pH measurements have shown that the solution pH ranges from 6−10 during
the precipitation of calcite for both techniques described above. The pH at which the
precipitation starts is above pH= 8, since the driving force for nucleation is too small
for lower pH-values, as a result of the inﬂuence of the pH on [CO2−3 ].
pH dependence of Heterogeneous Nucleation Barrier
The use of carboxylic acid terminated SAMs leads to the formation of {012} oriented
calcite. The {012} crystal plane is either Ca2+- or CO2−3 -terminated, which leads to a
very high surface free energy of this crystal face. The SAM has to compensate for this
surface free energy and molecular modelling calculations have shown that this is only
possible when the SAM is fully ionized. Carboxylic acids are weak acids and are only
ionized when the pH of the solution is above the pKa value of the SAM, the value at
which 50% of the carboxylic acid groups in the SAM is ionized. The pH dependence
of the ionization degree of the SAM, combined with the pH dependence of the driving
force, leads to a strong inﬂuence of the pH on the heterogeneous nucleation barrier.
A change in the pH of a solution with a constant composition will therefore lead to
a change in the heterogeneous nucleation barrier. The nature of the pH inﬂuence
depends on the solution composition and on the size of the acidic substrate with
respect to the volume of the solution. For biological environments, this inﬂuence
aFigure 2 diﬀers from Figure 4.7 because in Chapter 4 it was assumed that the CO2−3 ions were
closest to the SAM. The results from Chapter 5 showed that this model had to be replaced by the
model of Figure 2
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can be rather strong since these usually crystallize calcite in small volumes at a
relatively low pH, conditions at which the inﬂuence of the pH is maximal. The pH
of the solutions which are used in our experiments is so high that the SAM can be
considered as fully ionized, and therefore the heterogeneous nucleation barrier is at
its lowest value for this given system. Changes in the pH will therefore only lead
to changes in the driving force and not in the interfacial energy between the calcite
{012} face and the SAM.
Kinetic Preference for {012}−{015} instead of {001} Orientation
The negative charge of SAMs leads to the complexation of Ca2+ ions that form a
monolayer on ionized SAMs.5 This suggests that a Ca2+-terminated face would pref-
erentially nucleate on a SAM. There are two calcite faces that are Ca2+ terminated,
the {001} and the {012} face. The {001} face has a hexagonal calcite lattice with
the same lattice constant and hexagonal symmetry as the SAM. From this it would
be expected that negatively charged SAMs would lead to the nucleation of {001}
instead of {012}−{015} oriented calcite crystals. In Figure 3 the bulk structures of
(a)
(b) (c)
Figure 3: Side views of calcite slabs viewed in the direction parallel to the plane
of the CO2−3 ions with diﬀerent orientations. (a) {001} Oriented calcite (b) {015}
Oriented calcite, where the angle between the CO2−3 ions and the substrate normal
is 52◦. (c) {012} Oriented calcite, where the angle between the CO2−3 ions and
the substrate normal is 27◦.
three diﬀerent nucleation planes of calcite are shown: {001} oriented calcite, which
has the best match with the substrate, and the experimentally observed {012} and
{015} orientations. The obvious diﬀerence between these orientations is the angle
of the CO2−3 ions with the normal to the substrate. For {001} oriented calcite, this
angle is 90◦, while for the {012} and {015} oriented calcite, these angles are 27◦ and
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52◦, respectively. Aizenberg has suggested that the orientation of the carboxylic acid
groups in the SAM matches the orientation of the CO2−3 groups in the {015} face.4
However, the orientation of the functional groups in the SAM is very ﬂexible and they
could be matched with the orientation of the CO2−3 groups in the {012} face as well.1,6
Molecular modelling results revealed that the distribution of the orientations of the
carboxylic acid groups is rather broad in the presence of water, Ca2+ and HCO−3 ions,
which suggests that it is unlikely that the mechanism, proposed by Aizenberg, is alone
responsible for the very selective nucleation of a speciﬁc crystal face. A fully ionized
SAM leads to the formation of a monolayer of Ca2+ ions with HCO−3 ions on top (see
Figure 4). These results clearly show that the HCO−3 ions form an angle with the
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Figure 4: (a) Structure of a SAM of 15-mercaptopentadecanoic acid at 300 K
with the R30◦(
√
3×√3) structure, with several monolayers of water, Ca2+ and
HCO−3 ions. The water molecules are not shown for clarity. (b) Statistics of the
orientation of the HCO−3 ions on top of SAMs of thiols with odd and even chain
length in contact with several monolayers of water, Ca2+ and HCO−3 ions. The
angles are measured between the plane of the HCO−3 ion and the Au[111] axis.
The mean values for these angles θ are 26.9◦ and 26.3◦ for thiols of even and odd
chain length, respectively.
substrate normal which is relatively close to the angle between the substrate normal
and the plane of the CO2−3 ions in the {012} and {015} faces, respectively. A large
fraction of the HCO−3 ions has an angle with the substrate normal that is smaller than
50◦. The release of a proton of the HCO−3 ions, simultaneously with the proximity
of Ca2+ ions from the solution could, in this way, trigger the nucleation of {012} or
{015} oriented calcite. The stress between the substrate and the nucleus as a result
of the lattice mismatch can be relatively easy accommodated by the SAM and/or the
nucleus, because of the small size of the critical clusters (2−15 growth units). The
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formation of {001} oriented calcite crystals, however, would require the HCO−3 ions
to release a proton and change orientation. This change in orientation is hindered
by its neighbor ions as a result of the relatively dense packing of the HCO−3 ions,
and is probably kinetically unfavorable. This might explain the kinetic preference for
the formation of {012}−{015} oriented calcite crystals. It will therefore be of great
interest to conﬁrm this hypothesis by in situ measurement of the orientations of the
HCO−3 ions on top of the SAM.
Elongation of Crystals
The calcite crystals that are nucleated on carboxylic acid terminated SAMs are elon-
gated in the direction of the lattice match between the {012} face and the SAM. This
elongated shape is a non-equilibrium shape of calcite rhombohedrons. In Figure 5 the
diﬀerence between elongated and non-elongated crystals is shown. The precise origin
Figure 5: SEM image of two calcite crystals with diﬀerent aspect ratios. The more
cubic crystal has a shape close to the equilibrium shape. The elongated crystal
has a non equilibrium shape.
of this elongation is not yet known, although measurements of the growth rates at
constant driving force revealed that there is evidence that the elongation is related to
an inﬂuence of the SAM on the growth rates. The resulting anisotropic growth rates
of the calcite crystals, combined with an inﬂuence of a possibly elongated shape of
the nucleus are probably responsible for the elongation of the calcite crystals.
‘Odd-Even’ Eﬀect
The nucleation of calcite on SAMs of carboxylic acid terminated thiols with odd chain
length leads to diﬀerent results than for the case of thiols with even chain length. The
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results for SAMs of thiols with odd chain length vary from experiment to experiment
and seem to depend critically on the sample preparation, while the results of SAMs
of thiols with even chain length are extremely reproducible. Aizenberg reported a
preferred calcite {11l} (l=3−9) orientation on SAMs of thiols with odd chain length
on Au(111),2 which was conﬁrmed in some of our experiments, but most of the
time SAMs of thiols with odd chain length did not lead to reproducible results or
a random orientation of the crystals. Molecular modelling calculations showed that
the interfacial energy between SAMs of thiols with even chain length and the calcite
{012} face is lower than for SAMs of thiols with odd chain length. This diﬀerence
gives rise to a 5% lower heterogeneous nucleation barrier for calcite on SAMs of thiols
with even chain length, which is not very large, but suﬃcient to favor the nucleation
of calcite crystals on SAMs of these thiols.
Knowledge Creation in a University Research Institute
While knowledge creation lies at the heart of scientiﬁc research, the role of knowledge
typically remains implicit in studies of the practices and the management of that
research. This thesis examines which critical success factors (CSF’s) deﬁne successful
research and should therefore provide the hooks for management aimed at enhancing
the eﬀectiveness of knowledge creation. Based on Nonaka’s knowledge spiral (or SECI
model), it examines how processes of knowledge creation contribute to the existence
or absence of success as indicated by these CSF’s. It presents the outcomes of an
in-depth exploration of the workings of the knowledge spiral in a university research
institute. It identiﬁes what are the critical success factors at the individual, group
and institutional level and how these are related to the SECI processes (socialization,
externalization, combination and internalization). The research shows the outstand-
ing but undervalued importance of socialization processes, whereas the most widely
recognized tokens of success in academic research, given its focus on output, lie in
externalization. The other two processes, combination and internalization, are shown
to play a more supportive role. It also shows that, while research success is typically
deﬁned at the interplay of all three levels identiﬁed, in the case organization none of
the four knowledge creation processes appears to run smoothly at the institutional
level. This is an unmistakable sign of lacking success in the overall knowledge creation,
as this level is generally considered important for lifting the knowledge creation cycles
to a higher level. The thesis discusses the management implications of these ﬁndings
and gives suggestions as to how knowledge management practices and programs may
help lift some of the barriers identiﬁed.
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Samenvatting
Kiemvorming van Calcietkristallen op Organische Substraten
De uitermate fraaie en complexe structuren van kristallijne materialen die door
organismes in de natuur worden gevormd staan vaak in schril contrast met de re-
latief eenvoudige vormen van hetzelfde materiaal die in het laboratorium gemaakt
kunnen worden (zie Figuur 1). Niet alleen de vorm, maar ook de eigenschappen van
(a)
1 µm
(b)
Figuur 1: (a) Synthetisch gegroeid calcietkristal (b) Coccolithophorid, (Emiliania
huxleyi), waarvan elk van de schijven bestaat uit een calciet e´e´nkristal. Met dank
aan J.R. Young voor de foto.1
‘biomaterialen’ zijn zeer speciﬁek voor de functie die zij in het organisme vervullen.2
Zo is calciumcarbonaat in de ‘oorschelp’ 3000× sterker dan wanneer het synthetisch
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gegroeid wordt. Het is van groot belang om te begrijpen hoe organismes de vorm en
materiaaleigenschappen be¨ınvloeden, aangezien inzicht hierin kan dienen als leidraad
voor het maken van nieuwe, goedkope, materialen met zeer speciﬁeke en hoogwaardige
eigenschappen.
Ee´n van de belangrijkste kenmerken van biomineralen is de gecontroleerde kiem-
vorming en groei van anorganische kristallen op organische substraten. Het centrale
probleem in het promotieonderzoek was de invloed van het organisch substraat op de
orie¨ntatie en vorm van de kristallen goed te begrijpen. Daarvoor is het belangrijk de
interacties aan het grensvlak op moleculaire schaal te bestuderen. Hiervoor hebben
wij een experimenteel modelsysteem gekozen, waarbij de invloed van het organisch
substraat gemakkelijk meetbaar was. De resultaten van dit modelsysteem worden
in deze samenvatting eerst beschreven. Het tweede deel van deze samenvatting richt
zich op een thermodynamische analyse, waarbij klassieke kiemvormingstheorie wordt
gebruikt om de invloed van het substraat op de kiemvorming te beschrijven.
Neerslag van Georie¨nteerde Calcietkristallen op een Organische
Monolaag
Het modelsysteem bestond uit een zichzelf ordenende monolaag van organische mole-
culen waar bovenop calciet (calciumcarbonaat) kristallen werden gegroeid. Een op-
gedampte goudﬁlm op een e´e´nkristallijn substraat van mica-materiaal werd gebruikt
als substraat voor de organische monolaag. Het voordeel van een goudﬁlm als sub-
straat is dat de organische moleculen een kristallijne ordening aannemen, waarbij de
orie¨ntatie en het rooster van de reagerende chemische groep bekend zijn. Er bestaan
verschillende chemische groepen die voor dit soort experimenten gebruikt kunnen wor-
den, maar uit de literatuur blijkt dat carbonzuren (COOH groepen) het meeste eﬀect
hebben op de kiemvorming van calciet.3 De reden waarom calciet als kristal werd
gekozen is de veelvuldige aanwezigheid van dit materiaal in biologische systemen.
In een eerste serie experimenten hebben we aangetoond dat een organische mono-
laag inderdaad een zeer sterke invloed heeft op de kiemvorming van calciet.4 Het
bleek dat in alle gevallen de kiemvorming plaatsvond op e´e´n speciﬁek kristalvlak. (zie
Figuur 2). Ro¨ntgen diﬀractie metingen bevestigden een model dat in de literatuur
was beschreven. In dit model (zie Figuur 3) zijn de roosters van respectievelijk goud,
de organische moleculen in de monolaag, en de calciumionen van het calciet grensvlak
over elkaar heen getekend. Op deze manier is goed te zien dat de roosters van de
goudﬁlm en die van de organische laag een zesvoudige symmetrie bezitten, terwijl de
calciumionen in het calcietkristal een tweevoudige symmetrie hebben. De roosteraf-
stand van de calciumionen in e´e´n richting (a-richting) komt wel overeen met die van
de organische moleculen.
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{012}
Figuur 2: Electronenmicroscopie-opname van calcietkristallen die op een organi-
sche monolaag zijn gegroeid. De kristallen hebben dezelfde orie¨ntatie ten opzichte
van elkaar en het substraat. Een computersimulatie van calciet laat zien welk
kristalvlak parallel ligt aan het substraat.
a b
Au
Ca
2+
COO
-
NN = 0.497 nm
NN = 0.288 nm
a =  0.498 nm
b = 0.637 nm
Figuur 3: 2-Dimensionaal model van de roosters van de goudatomen, de organische
moleculen en de calciumionen van het calcietkristal. In de a-richting zijn de
roosterafstanden tussen de calciumionen en de COO−-groepen van de organische
moleculen hetzelfde, maar in de b-richting passen deze roosterafstanden niet goed
bij elkaar.
Kinetische Voorkeur voor {012} Georie¨nteerde Calcietkristallen
Er is echter iets merkwaardigs aan de hand met het kristalvlak dat parallel ligt aan
het organische substraat. In het model van Figuur 3 zijn we er vanuit gegaan dat
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de carbonzuurgroepen in de organische monolaag negatief geladen zijn (het proton
van de COOH groep is dus verdwenen). Dit leidt ertoe dat calciumionen in de
kristalgroei oplossing zich hechten aan de organische monolaag. De vorming van een
dergelijk geladen oppervlak zou de kiemvorming aan kristalvlakken, die een stapeling
van calcium- en carbonaationen vormen, bevorderen. Er zijn twee kristalvlakken in
calciet die hieraan voldoen: het vlak dat we hebben waargenomen (het {012} vlak) en
een ander vlak (het {001} vlak). De calciumionen van dit laatste vlak vormen precies
hetzelfde rooster als de moleculen in de organische monolaag. Het ligt dus erg voor de
(a) (b)
Figuur 4: Schematische weergave van een (a) {001} georie¨nteerd calcietkristal.
(b) {012} georie¨nteerd calcietkristal, waarbij de hoek tussen de het vlak van de
carbonaationen en de normaal van het substraat 27◦ is. De strepen stellen de
carbonaationen voor en de cirkels de calciumionen.
hand dat calciet met het {001} vlak parallel aan het substraat wordt gevormd. Onze
metingen laten echter zien dat dit niet gebeurt. Om hiervoor een verklaring te vinden
zijn in Figuur 4 de structuren van de verschillende kristalvlakken weergegeven. Een
essentieel verschil tussen de verschillende orie¨ntaties is de hoek tussen het vlak van
de carbonaationen en het substraat. De resultaten van een computersimulatie laten
duidelijk zien dat calciumionen worden aangetrokken door de organische monolaag en
dat daarbovenop een laag van bicarbonaationen wordt gevormd (Figuur 5). Doordat
het bicarbonaation een lading van −1 heeft, kunnen er meer bicarbonaat dan car-
bonaationen in de buurt van het substraat komen voordat ze elkaar afstoten. Dit
leidt dus tot een grotere dichtheid van de eerstgenoemde ionen. Dat is goed te zien in
Figuur 5, waarin de bicarbonaationen dicht tegen elkaar gestapeld zijn. De orie¨ntatie
van die ionen lijkt tamelijk veel op die van de carbonaationen in het {012} vlak van
calciet (zie Figuur 4(b)) dat op de organische monolaag neerslaat. Onze verklaring
voor de voorkeur voor de {012} orie¨ntatie ten opzichte van de {001} orie¨ntatie is dat
de orie¨ntatie van de bicarbonaationen de vorming van een {012} vlak bevorderen.
De carbonaationen in het calciet {001} vlak (zie Figuur 4(a)) liggen parallel aan het
substraat en nemen daardoor veel meer plaats in. Een dergelijke conﬁguratie is niet
gemakkelijk te realiseren vanuit de berekende structuur van de bicarbonaationen en
zal dus energetisch minder gunstig zijn.
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Figuur 5: (a) Structuur van de organische monolaag berekend met behulp van
computersimulaties. De simulaties zijn uitgevoerd bij 20◦ C. waarbij calcium-
en bicarbonaationen zijn opgelost in water. De watermoleculen zijn voor de
duidelijkheid weggelaten. (b) Statistiek van de resultaten van de computersimu-
laties, waarbij de hoek θ de hoek is tussen het bicarbonaation en de normaal van
het substraat. Het is duidelijk dat de bicarbonaationen een voorkeur hebben voor
een hoek kleiner dan 50◦ met de normaal van het substraat.
Intermezzo: Oplossingen met (Bi)carbonaationen
Aangezien carbonaat- (CO2−3 ) en bicarbonaat- (HCO
−
3 ) ionen in water in evenwicht
zijn, zijn er in een oplossing van carbonaationen ook altijd bicarbonaationen te vinden.
De verhouding tussen bicarbonaat- en carbonaationen wordt bepaald door de pH van
de oplossing. Een hogere pH leidt tot een grotere concentratie van carbonaationen
en dus tot een lagere concentratie van bicarbonaationen. Omdat onze experimenten
zijn uitgevoerd bij een pH waarbij de concentratie van bicarbonaationen veel hoger is
dan die van carbonaationen (pH= 8−9), is het natuurlijk om ook bicarbonaationen
te betrekken in de simulatie. Het verschil tussen deze twee ionen in de simulatie is
met name een verschil in lading, wat de formatie van een dichtgepakte laag in het
geval van de bicarbonaationen energetisch gunstiger maakt.
Thermodynamisch Model
Om de zeer selectieve voorkeur van de kiemvorming van {012} georie¨nteerde calciet-
kristallen op de organische monolaag goed te begrijpen is het van belang de ther-
modynamica van kiemvorming te beschrijven. Hoewel de groei van kristallen leidt
tot een lagere vrije energie, gaat de kiemvorming van kristallen in een oververzadigde
oplossing niet vanzelf, omdat de vorming van een kristaloppervlak energie kost. Dat
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Figuur 6: Vrije energie van vorming van clusters van calciumcarbonaat in de
oplossing (homogeen) en op een substraat (heterogeen) als functie van het aantal
deeltjes (n) in het cluster voor een gegeven drijvende kracht voor kristalvorming.
Het is duidelijk te zien dat de kiemvormingsbarrie`re (∆G∗) bij gelijke drijvende
kracht groter is voor homogene kiemvorming dan voor heterogene kiemvorming.
betekent dus dat er een cluster grootte bestaat, waarbij de oppervlakte-energie even
groot is als de bulk-energie. Een dergelijk cluster noemen we een kritisch cluster of
een kiem (n∗). Als een cluster groter wordt dan de kritische waarde daalt de vrije
energie en spreken we van kristalgroei. In Figuur 6 zijn de vrije energiee¨n van clus-
ters van calciumcarbonaat uitgezet bij een constante drijvende kracht voor kristalvor-
ming. De kiemvormingsbarrie`re (∆G∗) voor kristalvorming in de oplossing (homogene
kiemvorming) is duidelijk hoger dan in het geval van kiemvorming op een substraat
(heterogene kiemvorming). Dit verschil wordt veroorzaakt doordat het substraat een
grensvlak heeft met het kristal dat (in het algemeen) een lagere grensvlakspanning
heeft dan de oppervlaktespanning van het kristal. Dit zorgt ervoor dat de vrije energie
van een cluster met een grensvlak lager is dan die van een cluster zonder grensvlak.
De relatie tussen de kiemvormingsbarrie`re voor heterogene en homogene kiemvorming
kan op de volgende manier uitgedrukt worden als een functie van de verhouding van
de grensvlaksspanning (γgv) en de oppervlaktespanning (γopp):5
∆G∗hetr
∆G∗homo
= F (m) (1)
waarbij F (m) afhangt van de geometrie van het cluster en:
m =
γgv
γopp
= −α hgv
hopp
(2)
De rechter term volgt uit de Wulﬀ-afstanden (hgv en hopp) die de vorm van een kristal
beschrijven als functie van de oppervlakte- en grensvlakspanningen.6 De constante
α is een constante die m normaliseert van −1 ≤ m ≤ 1 en afhangt van de vorm
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van het kristal. De functie F (m) is in ons geval berekend voor een cluster met
de vorm van een macroscopisch calcietkristal. Een wiskundige uitwerking van deze
aanpak leidt tot de functie F (m) die is weergegeven in Figuur 7. Hieruit blijkt dat
0.50-0.5-1.0
0.0
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Figuur 7: F (m) voor calciet clusters.
voor m = −1 de kiemvormingsbarrie`re voor homogene en heterogene kiemvorming
hetzelfde is (F (m) = 1), terwijl de heterogene barrie`re kleiner wordt voor grotere
waarden van m.
Resultaten en Discussie
Vanwege het wiskundige verband tussen m en de vorm van het calcietkristal (For-
mule 2) kan de waarde van m worden afgeleid uit de experimenteel waargenomen vorm
van de calcietkristallen. Met behulp van m en F (m) kan het verband tussen de ho-
mogene en heterogene kiemvormingsbarrie`re beschreven worden. Dit wordt duidelijk
gemaakt in Figuur 8, waarin computersimulaties van calcietkristallen voor verschil-
lende waarden van m zijn weergegeven. Als deze vormen vergeleken worden met de
vormen van (zeer) kleine calcietkristallen dan blijkt dat een ondergrens van m ≥ 1/3
bepaald kan worden. Dit leidt tot een bovengrens van F (m) ≤ 0.26, hetgeen betekent
dat voor dit substraat de kiemvormingsbarrie`re ongeveer vier keer kleiner is dan in het
geval van homogene kiemvorming. Dit verschil is dusdanig groot dat de zeer selectieve
formatie van {012} georie¨nteerde calcietkristallen goed te verklaren is. Verder blijkt
uit onze berekeningen dat een kritisch cluster op de organische monolaag bestaat
uit 2−15 calciumcarbonaat-eenheden, terwijl het in de oplossing uit 8−60 eenheden
bestaat. De heterogene kiem is dusdanig klein dat de zeer sterke invloed van een
organische monolaag op de orie¨ntatie van het kristal begrepen kan worden.
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Figuur 8: Computersimulaties van de vorm van calcietkristallen voor verschillende
waarden van m. Het bovenaanzicht kan vergeleken worden met microscoopopna-
men waarbij de hoek van inval loodrecht op het substraat staat.
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Figuur 9: Electronenmicroscopie opnamen van (a) (zeer) kleine calcietkristallen
(b) grotere calcietkristallen, waarbij het duidelijk is dat de vorm veranderd door
de groei van de kristallen.
Conclusie
Het experimentele modelsysteem van een zichzelf ordenende monolaag van organi-
sche moleculen, waarop calcietkristallen groeien, is een goed systeem om de inter-
acties tussen organische substraten en anorganische kristallen te beschrijven. Het
kiemvormingsproces is uitermate gecompliceerd, maar de vorming van de eerste lagen
van ionen aan de monolaag is van groot belang. De kritische clusters zijn dusdanig
klein dat de grote invloed van de organische laag goed begrepen kan worden. Deze
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informatie is van belang om het proces van biomineralisatie te begrijpen, en voor de
ontwikkeling van nieuwe materialen, waarbij het belangrijk is de orie¨ntatie en vorm
van kristallen goed te controleren.
Kennis Creatie in een Universitair Onderzoeksinstituut
Hoewel universitaire onderzoekers bij uitstek bezig zijn met het ontdekken en cree¨ren
van nieuwe kennis, is er weinig onderzoek gedaan naar hoe dat het beste gedaan
kan worden. In dit proefschrift wordt gekeken naar het kennis creatie proces in een
universitair onderzoeksinstituut. Om te bepalen wat de beste omstandigheden zijn
om onderzoek te doen hebben we wetenschappers en technici gevraagd wat naar hun
mening noodzakelijke voorwaarden (kritische succesfactoren) zijn voor het kenniscre-
atie proces. Daarbij hebben we een onderscheid gemaakt tussen noodzakelijke voor-
waarden voor het individu, de onderzoeksgroep, en het hele instituut. We hebben de
geinterviewden laten analyseren welke noodzakelijke voorwaarden aanwezig zijn en
welke niet. Dit leidde tot een lijst van ‘best practices’ voor situaties waarbij wel aan
de voorwaarden was voldaan een een lijst van aanbevelingen voor het geval dat niet
zo was.
Uit ons onderzoek is gebleken dat het publiceren (in elke vorm) van de behaalde
resultaten van groot belang is. Enerzijds leidt dit tot erkenning van de kwaliteit van
het onderzoek, anderzijds maakt een publicatie het mogelijk om over de resultaten in
discussie te gaan. Het belang van een goede communicatie en voldoende achtergrond-
kennis wordt in de praktijk regelmatig onderschat. Omdat succesvol onderzoek vaak
plaats vindt op het kruisvlak tussen verschillende vakgebieden is die communicatie
en een gemeenschappelijke achtergrondkennis meestal niet vanzelfsprekend. Dit leidt
tot een niet eﬃcie¨nt gebruik van de aanwezige kennis en ervaring.
Verder is het van groot belang voor het succes van een instituut dat het een
duidelijk doel heeft en dat het middelen (personeel en apparatuur) ter beschikbaar
stelt om dit doel te bereiken. De inzet van (semi)permanente ‘brugfuncties’ tussen
de verschillende onderzoeksgroepen is een goed middel om ervoor te zorgen dat de
communicatie tussen onderzoekers uit verschillende vakgebieden beter verloopt. De
huidige manier van ﬁnancieren van wetenschappelijk onderzoek via materieel krediet
en kortlopende projecten maakt dit zeer lastig. Bovendien is het zo dat het func-
tioneren van het instituut via de onderzoeksgroepen loopt en niet afhangt van de
resultaten van het instituut als geheel. Dit bevordert de samenwerking tussen onder-
zoeksgroepen niet, terwijl het onderzoek wat we gedaan hebben aantoont dat meer
samenwerking zal leiden tot meer, en betere resultaten.
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Nawoord
Na bijna 9,5 jaar moet ik dan echt afscheid nemen van de β-faculteit met haar
oerlelijke, maar oh zo vertrouwde gebouwen. Daarbij krijg ik dan toch een zeker
melancholisch gevoel. De studententijd ligt nu al ruim vier jaar achter me, maar de
verbinding met de universiteit is er al die tijd geweest. Vooral het werk aan mijn
promotieonderzoek zal me altijd bij blijven als een zeer goede en rijke tijd. Eigenlijk
is het heel moeilijk te beschrijven wat promotieonderzoek nu eigenlijk inhoudt. De
verwachtingen die je aan het begin hebt blijken vaak al snel illusies te worden en het
resultaat is altijd iets anders dan waar je rekening mee hebt gehouden. Toch ben ik
er wel trots op dat het boekje nu af is. Hoewel ik vier jaar gewerkt aan de inhoud van
dit boekje, is het proces waarbij het tot stand is gekomen waarschijnlijk interessanter
en leerzamer voor me geweest. Misschien is het daarom ook wel aardig om in dit
nawoord mijn dagelijkse omgeving weer te geven.
Eigenlijk moet ik dan beginnen bij Herman (prof. dr. van Kempen voor sommi-
gen), mijn promotor. Het begon allemaal ergens in april 1999 toen ik vanuit Parijs
een afspraak met je maakte om over een afstudeerproject te praten. Ik had in de
mei-vakantie een aantal dagen gepland waarin ik met verscheidene groepsleiders zou
praten over de mogelijkheid van een stage. Toen ik voor jouw kamerdeur stond kwam
Riki al naar me toe. ”Heb jij een afspraak met Herman? Hij is namelijk op dit mo-
ment bezet.”Ik heb op haar advies toch maar even aangeklopt en inderdaad had hij
een dubbele afspraak gepland. De wijze les van Riki was toen ook dat ik voortaan
met haar de afspraken moest maken en niet met Herman. Dit voorbeeld geeft direct
aan hoe de verhoudingen in de vakgroep EVSF2 liggen. Iedereen spreekt elkaar met
‘je’ aan (behalve een verdwaalde Belg, volgens Jan G. dan) en Riki (of Marilou) is de
baas! Deze vrije en informele omgang zijn voor mij zeer belangrijk geweest. Eigenlijk
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ben ik je met name heel dankbaar, Herman, dat je voor mij meer een coach dan een
inhoudelijk begeleider bent geweest. Dat leverde voor mij een vrijheid op die ik lang
niet overal zag, maar waarbij ik me zeer prettig voelde.
De eerste jaren van mijn onderzoek heb ik met name in de Kelder doorgebracht.
Ons A-Team (Hans, Bas en Jan) was en is befaamd en ik denk dat we in die tijd echt
een multidisciplinair ‘team’ hebben neergezet. Onze vrijdagmiddagmetingen (met
voor mij als hoogtepunt de ’Tip verzinkerij Travaille’) staan me nog steeds levendig
bij. Ik ben blij dat we (met name Bas) bijna alle ideee¨n hebben gerealiseerd die we
op een middag na een koﬃepauze op een A4-tje hadden getekend. Ik heb er op een
gegeven moment voor gekozen om mijn STM project vaarwel te zeggen (er staat dus
ook niets over die metingen in dit proefschrift), maar ik denk dat een heel stuk van
mijn motivatie en doorzettingsvermogen zijn gevormd door die samenwerking in de
Kelder.
Ik heb het geluk gehad om tijdens het grootste deel van mijn promotieonderzoek
ondersteuning te krijgen van een technicus/analist. Lotte heeft me daarbij het eerste
jaar geholpen en dat was eigenlijk vooral heel gezellig. Resultaten hebben we (behalve
in de laatste maand) nauwelijks geboekt, maar dat kwam meer door mijn gebrekkig
inzicht dan door jouw kwaliteiten. Helaas heb je besloten om je hart te volgen en ons
te verlaten voor een opleiding tot leraar dans. Ik zeg helaas, maar eigenlijk denk ik
dat je hier heel goed aan hebt gedaan. Jouw opvolger, Erica, kwam in januari 2003
en met haar heb ik het grootste deel van de metingen gedaan die in dit proefschrift
staan. Ik weet nog goed dat Erica kwam solliciteren en ik weet dat we direct onder
de indruk waren van haar kwaliteiten. Het enige wat ik me afvroeg is of ze wel kon
werken met zo’n jonge en eigenwijze onderzoeker als ik. Gelukkig kwam ik er al snel
achter dat jij, Erica, qua eigenwijsheid niet voor me onder deed en we hebben samen
een zeer goede en vruchtbare tijd gehad. Aan het einde van mijn promotie was jij
vaak enthousiaster en had jij meer doorzettingsvermogen dan ik. Ik hoop dan ook
dat je nieuwe werkgever je kwaliteiten op waarde schat en dat je een nieuwe uitdaging
tegemoet zal gaan.
De mensen van het A-team zijn al genoemd, maar eigenlijk doe ik ze daarmee
tekort. De (vaak oeverloze) discussies tussen Bas en mij zijn berucht. Sommige
groepsleden verzuchtten wel eens of we niet eens een keer stil konden zijn. Het schijnt
dat Bas heel wat stiller was toen ik voor een stage in de VS was, maar daarvoor heb ik
natuurlijk geen empirisch bewijs. Bas en Jan, jullie kennis van computers en compu-
tational physics zijn voor mij altijd indrukwekkend geweest en ik was altijd jaloers dat
ik er eigenlijk niet zoveel vanaf wist. Gelukkig hadden we ook gespreksonderwerpen
waar ik wel over mee kon praten: hardlopen, zeilen en muziek.
De rol van Hans is voor mij ook van groot belang geweest. Jij bent degene die
mij een artikel heeft leren schrijven en die me geholpen heeft met de opzet van dit
proefschrift. Verder heeft jouw wetenschappelijke carrie`re (en vooral de moeilijkheden
die dat oplevert) me aan het denken gezet over wat ik zelf wilde. Die gesprekken en de
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talloze discussies over mijn artikelen en dit proefschrift zijn me zeer dierbaar. Jouw
wetenschappelijke aanpak is voor mij altijd een voorbeeld geweest en daarom stond
ik er ook op dat je mijn co-promotor zou worden.
Als ik nu toch over voorbeelden spreek dan moet ik jou, Hugo, als Hoofdarchivaris
van de afdeling Vaste Stof Chemie (VSC) en als mijn mentor op het gladde ijs wat
kiemvormingstheorie heet ook zeer hartelijk bedanken. Door jouw vriendschap met
Jan G. kwam ik al snel met je in contact en onze discussies zijn voor mij (en voor
het proefschrift) van groot belang geweest. Het was soms moeilijk zoeken naar een
leeg plekje op het bord, maar meestal konden we een formule of een graﬁekje tekenen
over de andere brei van informatie. Door mijn frequente bezoeken aan Hugo en de
lange discussies moeten sommige mensen van de afdeling VSC zich afgevraagd hebben
waarom ik niet bij hen op de afdeling werkte. Nou dat vroeg ik mezelf ook regelmatig
af. Ik denk dat dat komt omdat Hugo en Elias beide van mening zijn dat calciet te
lastig (of te modieus) is. Ik kan me dan ook goed herinneren dat het eerste wat Hugo
tegen me zei, toen ik vertelde wat het doel van mijn project was: ”Calciet is zo lastig,
kun je niet iets simpelers nemen. KDP of zo”. Gelukkig was Paul V. wel in staat de
structuur van om mijn thiolen monolaag te maken met Cerius. Bedankt daarvoor en
succes met je nieuwe baan bij Akzo.
Het bovenstaande geeft al aan dat ik vaak op de afdeling VSC te vinden was.
Datzelfde gold voor de afdeling organische chemie, waar eerst Jack en daarna Hans
mijn gesprekspartners waren. Ik wil alle mensen op die afdelingen bedanken voor
hun vriendelijkheid en hun geduld als ik weer eens op zoek was naar iemand. Van de
afdeling organische chemie wil ik (behalve Hans) met name Jack, Nico en Roeland
bedanken. Jack, jij hebt mij calciet leren groeien en de resultaten hebben we samen in
een leuk artikel kunnen stoppen. Zonder jouw hulp zou ik niet geweten hebben waar
te beginnen. Nico, jouw interesse voor biomineralisatie heeft ervoor gezorgd dat er
een basis lag op dit vakgebied in Nijmegen, waarop ik verder kon bouwen. Roeland,
jij bent mijn promotor, maar ik geloof dat ik een van de promovendi ben waar je het
minst last van had. Ik ben wel blij met je altijd aanwezige belangstelling voor mijn
project en de vrijheid die je me gegeven hebt om aan het kennis creatie onderzoek te
werken. Zoals we al eens besproken hebben is het niet iedere hoogleraar gegeven om
daar zo soepel in te zijn.
I’ve spent two months in Livermore, California as a guest researcher in Jim
DeYoreos labs. It was a great time and I really enjoyed our discussions about the
nucleation mechanisms of calcite. You have put me on the track of a more thermo-
dynamic approach, which has resulted in 2 1/2 chapters in this thesis. Besides our
conversations about physics I would like to thank you and your family for the warm
welcome I’ve had. The celebration of thanksgiving and the great hike in Yosemite
National Park will always be in my memory. I also would like to thank Chris and
Roger for all the conversations and the nice time we have spent together. People like
you made my stay very pleasant and I hope you will both be able to continue your
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research on the biomineralization project. Jonathan, thank you very much for proof
reading my thesis. You are probably one of the very few people that have read the
entire manuscript with such a great care.
Furthermore I would like to thank John and Dorothy with whom I had a successful
collaboration on modelling the interface between SAMs and calcite crystals. I think
we both learned a lot from each other, which resulted in a joint paper and sections
in chapters 5 and 6 of this thesis. It’s a pity that you, Dorothy, will leave the ﬁeld
of biomineralization, but you have left your marks and I’m sure that someone will
continue with your approach.
Het laatste hoofdstuk van dit proefschrift, over kennis creatie in een universitair
onderzoeksinstituut, had niet tot stand kunnen komen zonder de hulp van drie perso-
nen. Paul, Pepijn en Herman. Jouw inhoudelijke bijdrage, Paul, is van groot belang
geweest voor de kwaliteit van het werk. Onze discussies zijn voor mij altijd een plezier
geweest en ik ben erg blij dat je samen met mij een artikel, gebaseerd op dit hoofd-
stuk, hebt geschreven. Pepijn, door jou ben ik met Paul in contact gekomen. Jij
bent de eerste op de faculteit der management wetenschappen geweest met wie ik
over dit onderzoek heb gepraat. Door jouw kritische vragen kwam al snel het centrale
thema van het onderzoek bovendrijven. Daarvoor hartelijk dank. Herman, jou wil ik
nogmaals bedanken voor je zeer ﬂexibele begeleiding. Ik kan de dag nog zeer goed
herinneren dat ik op je kamer kwam met mijn vraag/probleem. Die avond, toen ik
naar huis ﬁetste, voelde ik voor het eerst sinds lange tijd weer een groeiende motivatie
voor mijn onderzoek. Ik denk dat jouw openheid daarvoor van cruciaal belang is ge-
weest. Verder wil ik natuurlijk alle mensen bedanken die meegewerkt hebben aan de
interviews.
Sommige mensen van de vakgroep EVSF2 zijn al bij name genoemd, maar in mijn
dagelijks werk waren anderen zoals Sergey, Eric, Albert, Jan H., Tonnie, Marilou,
Riki, Gabriela en Sylvia niet weg te denken. Bedankt voor de gezellige sfeer en
de leuke gesprekken tijdens de koﬃe- en lunchpauzes. Ook alle andere mensen van
EVSF2 die gekomen en gegaan zijn in de vijf jaar dat ik er heb gewerkt en die ik hier
niet genoemd heb. Bedankt.
Als laatste wil ik papa, mama, Job en Karlijn bedanken. Jullie zijn mijn thuis
geweest, waar ik altijd welkom was. Ik ben jullie vooral dankbaar dat er altijd ruimte
was voor een gesprek, een moment van bij elkaar zijn. Karlijn, jou wil ik met name
bedanken voor de afgelopen twee en een half jaar. Jouw interesse, maar ook kritische
houding zijn me lief. Zonder het misschien te willen, of te weten, heb je een heel
belangrijke rol gespeeld in mijn ontwikkeling als mens. Mijn dank daarvoor kan ik
niet in woorden uitdrukken.
Markus Travaille
Nijmegen, december 2004
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